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FOREWORD 

This report 1s one of a two-volume flnal report presenting 

flndlngs of a program of research almed at reducing the tnlury potentla1 

to occupants of automobiles that results from mismatch and underriding 

of the forward structure of automobiles involved In mtervehlcular 

longltudlnal colllslons. 

The research was performed by the Cornell Aeronautlcal Labo- 

ratory (CAL) for the National Hlghway Traffic Safety Admlnlstratlon of 

the U. S. Department of Transportation under Contract No. FH- 11-7317. 

Other reports publlshed In connection with the lnvestlgatlons conducted 

under this contract are: 

“Full-Scale Crash Tests of Rigid Simulated Heavy 

Vehicle Underride Guard”, CAL Report No. 

VJ-2844-V-1, March, 1970. 

“An Evaluation of the Teledyne-Geotech Model 33300 

Crash Recorder”, CAL Report No. VJ-2844-V-2, 

September, 1971. 

“Underrlde/Overrtde of Automobile Front Structures 

In Intervehicular Colllslons, Volume 2 - Car-to-Car 

Headon Impacts”, CAL Report No. VJ-2844-V-4, 

December, 197 1. 
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The oplrl1ons, flndlngs and conclusions expressed In this 

publlcatlon are those o! the authors and not necessarily those of the 

N,itlon rl Hlghwal lYr;l~’ c Safety Admlnlstratlon. 

This report has been re\lewed and approved by 

EdwIn A. Kldd, Head 
Transportation Research Department 
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SUMMARY 

Analytrcal and experrmental results obtalned In a study of 

requtrements and the performance of rear underrtde guards for heavy 

vehrcles are presented ln this report. A total of twelve full-scale tests 

were conducted In two phases of the expertmental program. Results of 

the first phase, conslsttng of SIX tests using a rigid simulated underrrde 

guard mounted on an SAE barrter are reported In Reference 1. The 

second series of SIX full-scale tests, reported hereln, were performed 

ustng prototype underride guard designs mounted on the rear of semt- 

trawler trucks. The effects of Impacting vehicle size and weight, Impact 

velocity, rlgrd and yleldlng underride guards, and underride guard ground 

clearance hetght are among the parameters tnvesttgated. 

Data on pertinent automobile and truck geometric characterlstlcs 

and on various energy dlsslpatlng systems for possible application to 

truck underride guards are presented and discussed. Also, results from 

a computer model of vehicle colllstons wtth an underrtde guard that was 

applied to explore the effects of various guard load-deflection properties on 

vehicle Impact response are described. 

Based on the results of the full-scale crash tests and the engineering 

analyses, recommendations are given for underrtde guard requtrements 

and complrance test procedures. 
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1.0 IYTRODUCTION 

The consequences o! automobile collts~ons with the aft porttons 

of heavy trucks and tr jztor- trailer combinations are often severe due to 

the llmlted engagement of the trontal structure of the automobIle. The 

safety of automobile occupants 111 such colllslons can be greatly enhanced 

by mounting a structure at the rear of the truck or trailer to prevent under- 

rldlng by the ImpactIng ~ehl~le and thereby reduce the llkellhood of 1nJurles 

resultIn< from lntruslon of the passenger compartment. 

Although the need for heavy vehicle underrlde gual ds LS clear, 

research 1s required to establish performance requirements and to develop 

conflguratlons that will assure lntervehlcular compatlblllty and effective 

crash energy control. For example, the location and total contact area 

must be such as to ensure adequate engagement of the frontal structures 

of automobiles ot selreral sLLes. Also, glcen an adequate engagement of 

the automobile frontal structure, there 1s a further need to determine the 

required load capacity ot underride guards and how they may be deslgned 

to llmlt coll~lon forces and absorb energy In a controlled manner to 

minimize the hazard to occupants of the strlklng vehtcle. 

Thts report presents results of a combined program of analytical 

and e\perlmertai research to determlne rear underride guard require- 

ments and to de\elop, demonstrate, and evaluate the dynamic performance 

of prototype systems that will provide Intervehicular compatibility and 

effectl\e crash energy control. Detalled results of an tnttlal series of SLX 

full-scale tests of automobiles impactIng a simulated rlgtd underrlde guard 

are reported 1~ Reference 1. In the second phase of testing, reported 

hereln, SKY addltlonal full-scale tests of automobiles Impacttng speclflc 

underride guard designs mounted on the rear of two different types of 

trailers were Londucted. The two trailers selected for these tests provide 

lnformatlon on the feaslblllty of incorporating effective underrtde guards on 

both frame and trameless type heavy vehicle structures and on the weight 
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penalty that rritght be incurred in provldtng thts safety feature on trucks. 

In addltlon to ?(I$ 1 aller-mounted under: lde test results, pertrnenl 

lnformatror generated during the performance of \arlous tasks assoctated 

with the overall effor+ IS Included In the AppendIce> of th,s report. Appenc lx 

4 contains the results of I itteratl,re sur\ e) of ener i-i) a bsor blng de\ Ices 

examrned as possible car dliates for an energy absorbtng yleldtng underrrdt> 

gua r d . Appendix B Lont.dlrT, the results of laboratrrk dynamrc tests of a 

fr.ctlon tube energy absorbing device concelLed at CAL and incorporated 

In the destgn of a yleldlng underrrde guard that was tabrlcated and tested. 

A mathemattcal strrulatton formulated dnd e\erciseci In support of the 

yreldlng guard design and e\pertmental effort IS descrrbed In Appendrx C. 

Appendix D presents results of stress analyses of the 18 inch and 24 inch 

ground clearance rigid underride guard configurations tested on flatbed and 

\an semi-trailers, respectively. 
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2.0 CONCLUSIONS APL’D RECOMMENDATIONS 

7.1 1 TO eftectlrelv preient r\cesslve underrlde by full stze 

aut,moblles ~n’pa~ t,rk at 40 MPH, the ilnderrlde guard ground clearance 

abole the road\ca\ should not exceed 24 ~n( hes. rhts concluston ts based 

on the results nf three crash tests of full slLe cars against stmulated and 

truck-mounted rlgtd unaelrlde guards positIoned at this height which 

Indicate that the penetration was acceptable but approached the maximum 

that could be tolerated. Higher ground clearance ~111 not permit adequate 

engagement wttl~ the engine or nther strong frontal structures of the 

autnmobtle to prel ent lntruslon of the passenger compartment. 

7. .L 1 ’ To assure adequate underrlde protection for small sub- 

compact cars, the roadway clearance height of the guard should not exceed, 

and preferably should be less than, 18 Inches. In tests of a Volkswagen 

Impacting a rigid guard tnstalled on a truck at 24 tnch height, the guard 

penetrSiterl 3s far as the rlassenger compartment front bulkhead Ln a 

30 MPH test and more than two teet Into the compartment in a 40 MPH 

test. Thus, the protection afforded was marginal to completely inadequate 

for this speed range. 

Two previous 40 MPH tests o* small cars (VW and 

Slmca) using a simulated underride guard posltioned at a height of 18 inches 

(Reference 1) showed the guard to be effective In the case of the VW, but 

not for the Slmca. The differences in the crash response of these two 

vehicles were attributed primarily to the smaller wheels of the Slmca which 

underrode the guard so th<lt the crush resistance of the relatively strong 

supportIng structtlr e for the suspensions was not fully utlllzed In stopping 

the car. 
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2.1.3 The abe ?ge load Imposed orI a r~gtd underrlde guard 

during a 40 h?Pt ,r ,) 7’ ci standdrd full 5ize autc!t:,obtle IS of the order 

of 65, 000 to 75, iiO(’ Its ,-yLer, short-riurdtlon 1~ r E’S ln excess of 

200, 000 ibs. are developtALL when the eng:lne contCtLts tne guard. Peak loads 

measured in the tr%&ie r -r‘,,)ur,ted ilnderrlde guard te5ts were substantially 

lower thin in Lhe pre\lcJr~s +Cst selie~ us11 ir, i stil tiidtCt1 rlgld guard -I his 

1s belle\ ed to be <I I eiiec TV )I of tie effects ot mass <lrIii small cleflectlons 

of the tr i:ler strlictLlre 0 I ne 10 ids tIarlsn)ltted to 1 r 1 ,<td cells whir h 

\\tre located at the fro? t it the tr ille; dj,[)io1lnldte!v 1, ‘eet +rom tne point 

of force ipp1Lcatlon to tr-ic’ ~lt~derrlde guards. 

7.1 3 I tfttng of the rear of tlea\ y vehicles, from vertical force 

L cjmpnnents due tc, Aledg:lnc ot the automot,lle, that ~.~,u!d be conducive to 

21 eater \ir>(ie~ rlrie t>ev>t +I ‘Itlon ts Lndlcdted r,ot to be <+ <e’to~ls problem. 

“l‘o appreclabie llttlng 3r! :ne dift end occurred In an) ,I the tests of uqderrtde 

gllards Installed on the rrdllers. indeed, the opposite effect was observed 

wtth the aft end moving .lownward as a result of bendL?g of the trailer 

strlic ture in reacting the e i centrlcally applied longltcitllnal loads. 

2.1.5 Properly designed energy absorhlr g (vleldlng) underride 

q lard systems can pro\ lde the ad\ antages of reduced ?cceleratlons and 

crush of the lmpac’lng automobiles, better control of i r ish energy dlsslpatlcln, 

dnd lo\ber loadlnb,s on +t,e tr~lck structure. From r~s~ilt~ of computer slmu- 

lations Lt 15 cone uded ttlcit d square wave (constart force; characterlstlc of 

the rinderr.de eunrd IS preterred and that, for a btelc!l?g guard having a 

maklmum stroke ot 24 inches, a constant force of (-lC, 000 to 70, 000 lbs. 

will produce near rnlnlmum cehlcle crush and compartnlent deceleration 

le\el In stopping a 4,000 lb. tront engtne automobile lmpactlng at 40 MPH. 

Results of d full-scale test of a 60, 000 lb. yleldLng lirderrlde guard con- 

flguratlon were In substantial agxeement with the mcdel predlctlons for the 

autnmoblle a,celeratlnn response, c?r crush and c l;Lt r: stroke distances, 

and the dlstrtbutl, II of C1bs, rbed crash energy bet,Keet &ht: ehlcle and the 

underrlde guard. 
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2.1 6 The guard design and testing effort of this study tndlcates 

that the strength of e, ‘17~ frame or monocoque truck-trailer structures IS 

sufflclent to cclthstand the underride guard loads generated by the condltlons 

of these tests without major modlflcatlons. Furthermore, the weight of a 

rear llnderrlde guard, s hlch might also serve as the docking bumper often 

pro\ lded on hea\ L 1 ehlcle~, IS r,eemed not excessive and would add approxl- 

mately 200 to 250 11,s. to the \\eleht of the Lrehlcle. 

2.2 Gener,\l Iiecommendatlons 

2.L. ’ 1 4lthouph both rlgld and energy absorbing yleldlng rear 

underride guards v.ere te-ted and demonstrated to be effective In preventing 

e\cessl\e underrlde of 2 f 111 sL7e nutomobrle, the latter type are recom- 

mended because of the lrljpro\ed control of the Impact forces and energy 

dlsslpatlon process For the same total underride penetration distance 

(entirely vehicle cxusb for a rigid guard and the sum of vehicle crush and 

guard displacement for the c<+se of d yleldlng guard), the reduced crushing 

of the automobile that occurs In an Impact with a yleldlng guard increases 

the safety of the occupants as a result of less posslblllty of compartment 

lntruslon by rearward displacement of the engine or the steering column, 

2 .2 .2 Further testing 1s recommended to obtain more infor- 

mation on how the dynamic load requirements of an underrtde guard are 

affected by the degree of transverse engagement with the front of an auto- 

mobile. The smaller contact width of the car with Increased offset between 

vehicle centerllnes lncreaslngly tends to produce a splnnlng motion of the 

lmpactlng automobile, thereby reducing the loads Imposed on the guard. 

In addltlon, It seem9 reasonable to expect that the crush resistance of 

automobiles decreases ulth reduced width of contact of the front structure 

so that less energy can be dlsslpnted by the car structure wtthout experlenclng 

dangerous lntruslon of the passenger compartment. The strength requirement 

ol underrtde guards loaded near the extremltles 1s therefore probably less 

than for central Impacts to pro\lde an effective mlnlmum level of performance, 

VJ-2844-V-3 



2 ’ 3 .L. It 1s recommended that static tests be conducted on the 

rlgld underrlae g~‘ir ’ used In the full-scale dynalmlc impact tests reported 

hereln I’he data [obtdipc- A 17 such tests would pro\ tde useful lnformatlon 

for relating dynarrlc and static load capabllltles reeded as a basis for 

speclfylng reallstlc stutlc luidi?g requirements of tInderrIde guards in 

compliance testtng. 

2 3 Ret OIY ylendatlons for Corr,pl~-i- e rest Procedures 

Test procedures dnd performance requirements for 

compliance testing 01 giidl ds to p’ovlde protection agatnst rear underride 

of heavy vehicles are des ribed In Federal Docket ZC. I- 11 Ln which the 

establishment of a Motor ’ ehlcle Safety Standard concerned with that sublect 

has been proposed in tt e tollowlng, recommen+arlrns are rnade for changes 

to these procedurea bdseil on the results of the eup”lments and analyses 

performed wIthIn this research program. 

There 3re basically two factors that are of prime 

Importance In relation to the effectiveness of an underride guard. These 

are (1) the location of the guard which must be such da to ensure adequate 

engagement of the fro it strictures of ImpactIng ~ehlcles and (2) the strength 

of the guard must be adequate to wlthstand the applied dynamic loads. 

The preferred location of the face of the underride guard 

1s as far aft on the vehtcie as possible. A critlctsn- c,f the proposed safety 

standard 1s the posslblllty ot loslng up to 15 inches of penetration distance 

with little or no energy dlsslpatlon. For example, under the proposed 

requirements, a rigid underrlde guard could be locatec, 15 inches forward 

of the rear of the vehicle and the total penetration or underrlde distance 

of an tmpactlng vehtcle would, Lherefore, be that much more than If the 

guard were to be located at the rear of the truck. ‘iny such loss of potentlctl 

penetration distance ovex u hlch crash energy might otberwlse be absorbed 

lowers the maxlmum speed for which a given lrnpaztlne Lehlcle can be 
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pre\ ented from experiencing ‘in unacceptable amount of underrlde. 

I-\LO infllctllg conslderatlons affect the establishment 

of rear underrlde guard roadway cleararce height requirements. To be most 

eltectll e In the prexeqtlon of under ride, particularly for the case of small 

llnpactlni: L ehtcles, the underrlde guClrd clearance should not exceed 18 

Inches Or-i the other hcird, ri qudrd at this height could be detrtmental to 

norm‘11 trric I, oper atiors for borne truck or trailer Lonfly:uratlons as Ci 

reslilt ot i re,itlnc too loi\ 111 uncle of departure. 

It 1s recommended that the ma\ln~um clearance of the 

ut de1 rlcle gu2r(l be cst-+hilShed nn the basis of an allowable angle of departure, 

bL,t in no I ise l)er mItted to eyceed 24 inches when the vehicle 1s at curb 

\b e1cht. 2.1 illo~ I ble ir>Cle ot departure of 10 decrees at rated load condltlons 

1s 5IlL’i:e\tc 1 \tllli’ 1s tne rn1r~lrnun~ \alue recommended by the SAE for auto- 

mobiles. rhl5 ,~ould peg mlt the clearance, for some vehicles under no load 

i ~)tldltlOPS, to be <is mrlch as 24 inches which 1s a height that has been found 

to be acceptable in pre\entln< eycesslve underrlde of full size automobiles 

1rnp~ctlnL: ?t speeds up to 40 \IPIi and a subcompact car (VW) Impacting at 

30 MPH. Cnder loaded condltlons, the reduced height of the guard would 

increase the effect11 eness In preventing underrlde. 

Ho\te\ e: , by reldtlng the guard helglit at rated load to 

an ,111ov. -1blc 10 decree dep‘arture angle of the trlic k or trailer, the maximum 

cle,irance In many Instances wt111 be llmlted to less than 24 Inches, depending 

on the amount of rear overhang of the body beyond the rear axle. Thus, 

for example, all ~ehlcles with overhang of less than 8. 5 feet would require 

that the underride guard clearan< e height be no greater than 18 inches at 

full rated lodd. 
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IMeasurements made during dypamlc tests of underrlde 

guards Installed on tra lers indicate that loads In excess of 150, 000 lbe. 

are Imposed on a I-lgld un icrrlde guard when i!llpacted bv full size (3, 500 to 

4,000 lb. weight class) automobiles at 40 MPH. The brief peak loading 1s 

approulmately twlc e the calculated load carrylrg ca~cltv 3f the center of 

the guards, lndlcatlrlg ur’e JI njore of the CollowlnL 

l the im;~r I f jrce IS dlstrlbdter 

leligth ot the guard bunlper 

l the static load calculations LI 

conservative 

over a conslderable 

t-e guard are 

0 fl-e dyndmtc load capacrty of the structure exceeds 

the static capability. 

From analysis of films and data from the tests It 1s 

evident that the high load 3 result from impact and abrupt deceleration of the 

mass of the engine and transmlsslon, closely tollowed by contact of the 

relatively strong structure of the front wheel and suspension assemblies 

with the underride guard. Thus, the prlnclpal loading points are spaced 

along the width of the guard at approklmately the hall-tread of the wheels 

of the lmpactlng Lehlcle ox at about 30 ltlches for i I l! s17e automoolle. 

It 1s deemed unrealistic to require that underrlde guards 

be capable of wlthstandlrg the observed vex-v high dynamic forces in a 

compliance test in which, for economic reasons, the l?ads must be applied 

statically. It therefore becomes necessary to base such speclflcatlon of 

static test loads on ratlonallstlc grounds. From tt e tests of the yielding 

underrlde guards described In th.s report, It may br concluded that the 

mlnlmum force requirement should be cipproxlma’e.\ hi!, 000 lbs. However, 

higher forces are developed on rlgld underrtde gua ri, for ichlch the average 

force for a 40 MPH central impact oi the guard ts a>proxlmately 73, 000 lbs. 

w-2844-v-3 



The test results also Indicate that the loads Imposed on an underrlde guard 

are reduced II-I off-center impacts as a result of less engagement of the full 

width of the strlklng 5 .Xi>lcle and the tendency for the vehicle to spin out. 

With the aforementioned conslderatlons as a guide, 

changes in the proposed test procedures are recommended as follows 

1. Through appropriate measurements, determine 

that the underride guard lnstallatlon complies with 

each of the following criteria: 

(4 With the vehicle loaded to full rated load on 

le\ el ground, the clearance height of the lower edge 

of the underride guard shall not exceed that which 

corresponds to a vehicle angle of departure of 

10 degrees. 

(b) With the vehicle at curb weight on level ground, 

the clearance height of the lower edge of the underrtde 

guard shall not exceed 24 Inches. 

2. Restrain the vehicle to prevent motion. The means 

used to restrain the vehicle must not inhibit forward 

movement of the portions tested relative to the rest 

of the vehicle. 

3. Prepare a load applicator comprised of two test 

blocks of rIgid material, each with a plane surface 

in the form of a rectangle 4 Inches high and 12 inches 

wide (the “test surfaces”), suLtably connected by a 

strong rlgld member so as to prevent relative 

movement. The distance between the vertical center- 

lines of the test surfaces shall be 30 inches and the 

axis of force appllcatlon (the “force awls”) shall be 

VJ-2844-V-3 
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mldwav between these center ilnes. 

4 P- tl>n the load applicator ,CJ that 

(<I I the test surfdcces are 7 ertlc-al and facing In 

tt-e dilreu-+i ,n f fox-v. ird +r iL,e; <-of the vehicle, 

(51 the lower edke (I2 lnc i- side) of each test 

surf<+.ce 1s In the norlr.onta! ql~ne through the lower 

edge ,f the ~,7derrlne hllarrl 

5. kpplk d forward stcltlc 1o1.c” trl tke load applicator 

alont: the force axis as presc -Ited belovl 

(31 80, OOC) lbs. with the f,r,e ~‘11s at dny point 

wlthLn 18 Inches of the ~ehlr It ceqterllne, 

(b) 00, 000 lbs. with the forre 3x1s at any point 

greater than 18 Inches fror- tke centerline of the 

~ehiclt‘ and equal to or gre2Src than 21 inches 

lnbndrd from either end o! the Ivtlerrlde guard. 

6. Hequlred Result. 

The guard must support the ,pecl+led test loads 

without yteldlng or, If it ylel 15, *he test surfaces 

sh‘;il! not move torunrd rnol p ttlaq 20 Inches and the 

deep le;e force during yielding snail equal or exceed 

tuc -t 111 ds of the speclfled test ioCid. Each vehicle 

must be capable of meeting the test requirements at 

any point of loading as specltlec tiho\e, but It 1s not 

required that a given vehlr 1~ thit ts successfully 

cesteu at one loading cond1tlo-l be zapable of with- 

stardIng subsequent loadI-g dt any other condltlon. 
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3.0 TRUCK AND UNDERRIDE GUARD CONFIGURATIONS 

3.1 Trucks and Truck Trailers 

A brief literature search was conducted to obtain data 

on truck configurations, dimensions and construction relevant to the design 

and development of underride guards. For this investigation, consideration 

was given only to heavy vehicles with gross vehicle weights greater than 

10, 000 lbs. which, from truck registration data obtained from ReferenCe 2, 

comprised about 20 percent of new truck registrations in 1968. 

There are many and varied geometries and configurations 

of heavy vehicles in the GVW > 10,000 lb. weight class. Some of these 

vehicles, because of special purpose bodies or equipment, present unique 

problems of underride guard installation. However, the most common 

configurations of large trucks, which because of the height of the cargo 

bed structure are easrly underrlden by automobiles, are van or flatbed 

type tractor semi-trailers or single unit chassis-cabs with van, flatbed, 

or dump bodies attached. In general, most of these trucks are similar rn 

configuration in the region from ground level to the bottom of the cargo 

body floor. Specifically, the cargo body has a flat floor located above the 

tires and which oftentimes extends a considerable distance aft of the rear 

axle. Some exceptions are, for example, furniture vans and drop-frame 

heavy equipment haulers which have the cargo body floor below tire height. 

Such vehicles comprise only a small percentage of the total populatron of 

trailers in use and, because of their smaller ground clearance, do not 

usually present an underride problem. 

The overall maximum dimensions of large trucks are 

set by state laws (Reference 3). Wtdths are limited to 96 Inches in all states 

except two whtch allow 102 inches. Overall height LS limtted to 13’6” in 

most states wtth several requiring a 12’6” maximum. Two states have no 

restriction on height, and one allows 14’. Overall lengths allowed for 
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advantages of ease of muuntlng of the underrlde guards and the llkellhood 

of mlnlmum damage hl;i- would permtt- its reuse for several tests. 

3 2 Underride Guard Conf:guratlons 

FoLr rear (ir cIcrrld* guard conflguratlons were deslgned 

and tested in the tl I ier -l>iotinted underrlde gudro test program. These 

Included three guards drslGned tn be rlgld s+rurt ts and one energy 

absorbing guard designed to ylelri <it i I earl\ c )7bt?tlt force level. The 

guard c onftgurdttons ar d design loads were based ) 1 I esults from the lnltl,~l 

series oc tests of slm,lldted underrlde guards (RefereTce 1) and from a 

computer slmulatlon model (see Appendix C). Brief descrlptlons of each 

of these conflguratlons are presented In the follow:np paragraphs. 

Flatbed 18” Rleld Underrlde Guard 

This underride guard, which was the first design testec, 

was deslgned as a rigid structure af sufficient strength to insure against 

failure of the structure under the high impact loadings .ndlcated by the 

simulated underride guard tests. The guard wds plurllosely overdesIgned 

with the intention that, should yielding occur, It wc~ulri result from failure 

of the truck structure rather than from collapse oc tne underride guard 

Itself. 

A sketch of the underride guard showing prlnclpal 

dlmenslons and components IS presented rn Figure 2. The guard bumper 

face member IS a 4” \ 3 ’ x 1 ‘4” wall structural steel tube extending the 

full width of the trailer ard with the lower edge lo<ateu 18 inches above 

the roadway. Supporting strllcture for the bumper includes five 3” x 2” x 

l/4” vertical tubes welded to the aft surface of the cargo platform and 

eight 3” - 5. 7” ~1 bedms angled tar aard ard welded tr, the trailer frame 

and cargo bed side rails. Plates and gussets were adder! at various places 

on the truck structure fcrr lucai relntorcement. 

14 w-2844-v-3 
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Photographs of the underride guard install d on the 

flatbed trail r are shown in Figure 3. The calculated weight of thts guard 

and support structure 1s 340 lbs. 

Flatbed 24” Rlgld UnderrIde Guard 

The 18 inch rigid underrlde guard described above was 

modlfled and converted tnto one having a clearance of 24 inches above the 

roadway by shortemng the support members. In addltlon, s LX supports 

(two vertical members at the face of the guard and four angled rear I beam 

supports) were eliminated which reduced the installed weight of the guard 

to approximately 208 lbs. The underrlde guard mounted on the tratler 1s 

shown In the photographs of Figure 4. 

Flatbed 18” Energy Absorbing Underride Guard 

The 18” ground clearance yielding underrlde guard 

configuration LS deprcted in Figure 5 and was designed to provide a nearly 

constant force level of approximately 60,000 to 70, 000 lbs. throughout a 

bumper displacement of two feet. Selection of the force-deflection char- 

acteristics was based on the results of computer simulations which Indicated 

that the guard would displace about 20 inches and absorb approximately 

60 percent of the klnetlc energy of a 3,500 lb. autctmoblle lmpactlng at 

40 MPH. 

Energy dissipation is accomplished primarily by two 

frlctlon tube energy absorption devices developed by CAL. These units 

consist of two close-fitting, telescoping cylindrical tubes with the Lnner 

one having two milled slots along its length, A hardened steel pin slightly 

lapger In diameter than t\e width of the slots is inserted through holes 

drilled through the wall of the outer tube and the slots of the inner tube. 

Thus, energy dlsslpatton 1s accomplished by cold working of the metal 

at the edges of the slots by the oversize pin which also expands the inner 

16 VJ-2844-V-3 







-1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

I 
I 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

t 

19 



tube to create fl-lctlon between the m3tlng surf 1( eb It the twc cylinders 

as they telesrope together. (See lppericilk I?I for iclc,c ril)tlrJr and results of 

laboratory tests per+1 ,~rled In the de\elnpment of tl>e frl( tlon tube energy 

absorber, ) 

Approilmatelv 15 I-ercert 0 + the total energy absorbed 

by the underrlde guard 1s accomplished through the formatton of plastic 

hinges at the upper end II the follr >” \ 2” K 1/ 1’ t\ii)~~la~ b~lmper stlppnrt 

n,embers where thev ?ttac h to the trailer bed. The two 9utboard support 

n]embeI s are angled, as mav be seen 1’1 F tt~lre i ‘( rro\ lde increased 

lateral stabllltv tc, the svsten . Lround clearance ot the g!uarA ts Inltlall) 

18 Inches and decreases to a[JprOllr!latel) 13 ~pctlr s a\ the guard 1s dlspla, ed 

longltudlnally. 

It 1s reiognlzed that the test in r *rlgement, lr- whtc h tne 

underride guard prolect5 18 Inches beyond the end ot the trailer, 1s not 

necessallly the best lot Ation of the underrtde guard on thts particular truck 

from an operatloncil polr>t of \lew since there 1s -Ideqbate space behlnd the 

rear axle for the lnstall;itlon. The reason for locdtlne the underrIde euarc 

as shown was prtmarllv one of elpendlency. The I onstl uctlon of the end of 

the trawler bed allowed direct att<ichment nf the underride guard support 

member5 with llltle or no need for addltlonal stvu( ture or reinforcement to 

provtde the required strength and hence saLed tlnie and reduced the expense 

of the test lnstcillatlon. 

Howe\er, for added realism and tc <ild In the lnterpre- 

tatlon of the results, a mot k-up extension of the trallpr bed was problded 

to simulate an lnstallatton In which the guard ard the I ear of the truck are 

1r-1 the same plane . 

Photographs of the enerq\. ~i~~-~ri>lrrr: underride guard 

mounted on the flatbed trailer are presented ln I lt:ure 6. The weight of 

this guard conflhuratloq was approximately 200 1’)~ 
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Van Trailer 24” Rlgld Underrtde Guard 

ConstructIon of the 24” ground clearance rlgld underr Ide 

quaI d deslgned for lnstallatlon on the van trailer LS deplcted In FLgure 7 

The guard bumper LS a 4” x 3” x 3 / 16” wall structural steel tube extend1 qg 

the full 96 ‘I wtclth of the trailer. The bumper LS supported by four 3” x 2” t 

3116” wall L eri rcal tubular members and four slmrlar supports attached to 

the underside structure of the trailer. The exlstrng short frame Ln the 

1 Lclnlty of the ,lxles was extended to the rear of the trailer usLng 3” \ 2” Y 

3116” uall steel tubing. In this manner, the underrrde guard loads are 

drstrlbuted over many cross members of the trailer floor support structure 

and also taken directly Into the exlstlng traLler stub frame. Plates and 

gussets were used as required to provide reinforcement at the local poln s 

of guard attachment. 

The calculated Installed werght of the underride guard ant 

trailer retnforcements IS 237 lbs. However, since approxrmately 95 lbs 

were remo\ed C~s a result of ellmLnatlon of the eklsttng dock bumper, the 

net weight Increase of the trailer due to addrtlon of the underride guard 

was less than 150 lbs. 

Photographs of the underrrde guard installed on the van 

trailer are shown In Frgure 8. 
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4.0 TRAILER-MOC~YTFD ~‘YDERRIDE GUARD TEST PROGRAM 

4.1 \ Jethod010gy and Equipment 

SIX tul!-sc ale Impact tests of dutomoblles strtktng the 

rear of tralier s equipped utth the underrtde guards descrtbed In the 

precedkng sectron were L onducted. The trailers were posttroned In front 

ot an SAE harrrer ulth two ZOO, 000 lo capactty ALH Electrontcs, Inc. 

compressron tvpe load <ells Inter posed between the front of the trailer 

and the barrker tar measilrement of longttudlnal impact loads. 

,411 tests were conducted with the trailers unloaded. 

The conlbrnatton of an unloaded trawler and restrarnt of longltudlnal motion 

represented an aggravated condrtlon as regards the effects of vehicle mass 

on underrtde guard performance. Thus, the posstbrllty of ltftlng of the rear 

ot the trailer, whtch 1s conduclxe to increased underride, 1s increased with 

the trailer unloaded. 4t the same time, however, preventing the tratler 

from rolling forward upon Impact by the automobrle simulated, In effect, a 

trailer of lnflnrte mass which results rn maxrmum crash forces and dissipation 

of energy. Actually, the momentum transfer to a truck with a mass only 

10 ttmes that of an impacting automobtle, which IS not an unusually high mass 

ratlo for loaded trucks, would reduce the collision energy to be dlsstpated 

by only 9ro. Hence, the setup represented strtngent hut I ealtstlc and eastly 

controlled condlttons for testing of underrrde gudrd performance. 

The automobiles for this series of tests were 1966 Ford 

sedans used in four of the tests and 1966 Volkswagen “beetle” sedans used 

in two tests. The test cars, guided by small wheels running on a guide 

rail, were propelled bv a tow cable and winch arrangement located behtnd 

the SAE barrier and driven by a stationary power unit equtpped with a 

semlautomatlc speed control system. The guide rail terminated a short 

drstance upstream from the rear of the trailers where the tow cable was 

also released so the test cars were completely free of artlflclal restraints 

rmmedlatelv before and during the Impact. 
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In preparing a vehicle for test, the front half of the car 

was palnted with hlrhly reflective paint for tmproced vlslblltty and contra at 

In the high speed color tllms of the impacts If the original color of the car 

did not provide sufficient contrast. Reference targets and photo tape wexe 

also applied to the vehicles to facllltate reduction of the photographic dat#l. 

Because in some instances portlons of the vehicle could 

underrtde before actual contact with the guards was made, a small vertical 

bracket was attached to the front bumper that closed a switch on the under- 

ride guard to indicate “time zero” when the leading edge of the bumper was 

initially in the face plane of the guard. 

Instrumentation mounted In the test vehicles conslstec 

primarily of trlaxlal accelerometers to measure the dynamtc response oi 

the automobiles during the Impact. The accelerometers were Statham 

LaboratorIes btdlrectlonal strain gauge type with ranges up to 350 G. 

Three accelerometers mounted on a rlgld plate attached to the drive line 

tunnel at the approximate location of the front seat belt anchorage measured 

accelerations of the passenger compartment along orthogonal vehicle axes. 

A slmllar trlaxlal accelerometer package was attached to the flat deck 

behind the rear seat In the trunk area above the rear axle. Two accelero- 

meters with sensltl\ e axes In the longrtudlnal and i ertlcal dlrectlons were 

also mounted on the engine block. In three of the tests with the Ford cars, 

an additIona longltudlnal accelerometer was attached to the engine support 

frame on the left side of the vehicle. The general locations of the varLou3 

accelerometers are shown In the sketch of Figure 9. 

Signals from the various lnstrumentatlon transducers 

were amplified by Yexus USL-1 solid state operatlonal amplifiers which, 

for the accelerometers, were mounted aboard the test cars along with 

the necessary power supplies and associated electronic clrcultry. The 

ampllfled signals were transmitted via an umblllcal cable and recorded 

on Sangamo 14 channel FM magnetic tape recorders and/or Consolidated 
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Electrodynamlc Corporahon light beam osctllographs quipped wtth 

Serves 7-300 galvan #meters magnetlcally damped to 64 percent of critical. 

Two strip switches were placed across the approach 

roadway a short distance ahead of the underrrde guard. Closure of the 

switches upon traversal by the wheels of the test car produced pulses 

which were recorded along with a 100 Hz tlmlng slgnal for determlnatron 

of impact speed. The redundancy provided by this system, which allowed 

two Independent calculations of the speed based either on the known spacing 

between the switches or on the wheelbase of the test vehicle, was a safe- 

guard against possible malfunction of one of the switches. For most of 

the tests, a time Interval counter, actuated by lrght beams at an accurately 

known spacing and interrupted by passage of the car, was also used for 

computation of impact velocity. 

Other strip switches attached to the front of the test 

vehicle and on the face of the underride guard closed crrcutts to fire 

flashbulbs strategically located In the field of view of all data cameras for 

correlation of “time zero” at Initial contact In the film and data records. 

Several high speed movie cameras using 16 mm color 

film and operattng at frame speeds between 1000 and 1500 frames per 

second were used to obtain a visual record of the details of the impacts f2r 

post-collision analysts. Cameras with different fields of view provided 

side view coverage of the crashes from both sides of the cars. For some 

of the tests, a camera was also located underneath the rear axle of the 

trailer to provltde a rearward view toward the lmpactlng car. All hrgh 

speed data cameras were equipped with neon lamps that were triggered by 

a Red Lake Laooratory timing light generator for recordrng tlmlng pulses 

on the films at 0. 01 second intervals. 
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Documentary photographic coverage was obtained wtth 

a mo\te camera operated at a nominal speed of 50 frames per second and 

by still photos of &‘<c vehicles both before and after each crash test. 

A sketch showing the general layout of the test setup 

!or the trntler-n ounted underride guard tests 1s presented tn Figure 10. 

4.2 Test Results 

The test results presented here were obtained Ln six 

tests ( YOS. 7- 12) performed on the prototype underride guard conftgurations 

descrtbed In Section 3.2. Detdlled results of the preceding series of SLX 

tests using a stmulated rigid underrtde guard can be found in Reference 1. 

In the following suhsectlons, tlnle hlstory plots of the reduced data are 

presented along Nlth brief desc riptLons of the test condttion, vehicle re- 

sponse and dam?se ds observed from the ftlms and post-crash tnspectton. 

Passenger compartment longttudlnal deceleration data are shown both in 

“raw” form, 1. e., the analogue signal as recorded, and also as processed 

by a computer. The computer data reduction program performs two 

functions (1) appltes a Alar tin-Graham numerical filtering techntque as 

described e\tensl\ely lr Iieterence 5 to provide filtered acceleratton 

responses, and (2) lntegratton of the acceleration data to yteld passenger 

compartment 1 eloclt) and displacement as functions rf time. 

The reason for filtering the acceleration data is, of 

course, to attenuate unwanted high frequencies which tend to obscure the 

stgnificant characteristics of the gross vehicle response. The filtered 

responses shown <il e wrath a 50 Hz cutoff frequency, a roll-off length of 

100 Hz and using a wetghted average of 20 data points on either stde of the 

data point being filtered. Experience has indicated that these filter 

charactertstics are appropriate for evaluation of gross vehicle collision 

responses because the veloctty and displacements obtatned by integration of 

the acceleration data are only slightly affected by filtering at the 50 HZ 

cutoff le\ el. 
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4 1 .2 Crash iest No. 7 

- tb IS test, a standard 196h Ford four-door sedan 

welghlng 3, 750 lbs. aci5 Impacted head-on against the 18” rlgld underrlde 

guard lrstalled nr> the fatbed +raller (see Figure 3) at rl speed of 39. 6 

hfPH. 

Passenger compartment filtered and unfiltered longttu- 

dlnal acceleration datd (numerlca: tlltering ultli 50 Hz cutoff and 100 Hz 

roll-off frequenr l ) *re >ho\bn 11, Figure 11 aluqg with the velocity and dts- 

placement GUI L es. The unflltel ed *data were reduced from an osclllograph 

record read at one milllserond time Intervals. The velocity and dlsplace- 

melt cur\ es L\ere obtatren I)) lnteeratlon of the acceleration data. The 

rnaalrnu11’ llltex e 1 3 , elrra’lon 15 approximately 35 g’s occurrlng at .O69 

seconds. The mel-,~ I ed t-3ntal i rush dtstance, following the test, was 

3 1 inches compare 1 u Ith ri d\ ndr:lLC maximum o! 41 Inches obtained from 

lntegratlon o! the acceleration data Post-crash measurements of vehtcle 

defoxmatton ?re usuall) less than the maximum that occurs during Impact 

because ot part1 41 elastl< recn\er) oi vehicle structural components. 

Tltnes ot slcnlflcant events, whtrh were noted in the 

analyst3 of hleh speed mo\le fllns, are marked along the abscissa at the 

top of the figure The films showed that the underride guard and aft end 

of the trailer deflected downward a maximum of approximately two Inches 

at . 061, seconds The bumper member of the guard also moced forward 

approximately I. 5 inches at the *ame time due to bendlng of the trailer 

structure InspectIon of the guard, following the test, however, revealed 

no permanent set In the strilcture. The vehicle came to rest against the 

guard at ?ppro\lmatel\ . 105 seconds and ekhlblted very ltttle rebound. 

31 VT-2844-V-3 



I 

I 
I 
I 
’ I 

i-i-! j-i- , 

32 VJ-2044-V-3 



The tlnle hlstory of longltudlnal tmpnct force, as 

n~eC~sured b\ load cells t: the !(lr\\sird end of the tratlel bed, ts presented 

l lf> I- l<Llle- 15. I he 111 ill. 1~111 lo ~ti ~~1s dpproxlnlately 168, 000 lbs. occur- 

I Lt-ltJ at . Cl-45 set ondb. I I 1~ 11 +\lmum load 1s undoubtedly due to engine 

i c)nt in t \5 lth the tu+l ii Zote iron1 Figure 12 thdt pedk nc (eleratlon of the 

enSIne OL c urred at approxlmatel~ . 0 35 seconds after Impact. The difference 

between this tin e anti the tlllie of ~xl~l\lllll~nl lo~ti rile I~L,I ed by the load cells 

is prr’blt)ly due to ni‘iss etteits stnce the force* triti to be transmltted 

throuqhorlt the entire lenkth of the trailer tjetore being I eacted by the load 

cellz. The a\er ice force computed for the . 105 set ond time interval 

\L<iS hq, 501) lbs. 

Inte.rltlnn ~31 the Clrel under (t,c lonqltudlnal force 

CIIII~ (F~tiire 15) oler the . 105 second stopping time Inter ~~11 yields a 

111e l5iire i lrlltl ,lse o! 7, 100 lbs-set compared to he tj, 780 lbs-set change 

of line 31 n n~vert <lm repI ebented by the product ot the iutomobtle m‘iss 

i ‘7 ri I n 1 : I 1 clot II\ 
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Photographs of the vehrcle before and after the test are 

presented in Figure 16. Post-crash inspection revealed that the bumper 

remarned In contact With the underride guard durrng impact but was sheared 

off of its supports as It moved aft. The fire wall was pushed back Into the 

passenger compartment area a slight amount due to rearward drsplaceme?t 

of the engine, and the steering column rotated upward toward the vertical 

along with the dashpanel. 

4.2.2 Crash Test No. 8 

The performance of the 18” energy a bsor blng under ride 

guard Installed on the flatbed trailer (Figure 6) was lnvestlgated In this 

test. The test automobile was a standard 1966 Ford four-door sedan 

welghrng 3, 840 1 bs. that impacted the guard at a speed of 39.0 MPH. 

Reduced data from the oscillograph record of the 

acceleration of fhe passenger compartment are shown in Figure 17. Also 

shown in the ftgure are plots of filtered acceleration and of the velocity and 

displacement of the car obtarned by Integration of the acceleration data. 

Peak acceleration (filtered) was approximately 34 G, which occurred .042 

seconds after Impact. The maximum dynamic longltudlnal displacement of 

the car obtained from the accelerometer data was 46 inches compared to 

41 Inches from post-crash measurements of the vehicle crush and dlsplacc:- 

ment of the underrrde guard which were 19 and 22 Inches respectively. 

Times of slgnlflcant events, which were noted In the 

analysis of high speed movie films, are marked along the abscrssa at the 

top of the figure The films showed that the underrrde guard started to 

collapse at approximately . 020 seconds and that the forward velocrty of the 

passenger compartment was zero at approximately . 126 seconds and 

rebounded only slightly. 
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Data from the other v hicle mounted sensors are shown 

In Figure 18. The engine peak longltudlnal decel ratlon of approximately 

60 g’s occurred at .?34 seconds. 

Time hIstories of axial stralna measured in each of the 

collapsible energy absorbers are shown In Figure 19. Two strain gauges 

were mounted on each unit, on opposite sides, approximately 7 inches 

from the upper pivot point. The strain measurements were converted to 

axial loads and are presented versus time in Figure 20. These data 

indicate peak compressive loads of approximately 28,000 lbs. and 

34, 000 lbs. in the right and left side struts, respectively, but the overall 

force levels were quite constant throughout the impact. 

A time history of the total longitudinal impact force, as 

measured by load cells at the forward end of the trailer 1s presented in 

Figure 21. The maximum load was approximately 90, 000 lbs. occurring 

at .045 seconds. The average force determlned from these data over the 

. 126 second stopping time interval was 52,600 lbs. Integration of the area 

under the force curve over the , 126 second stopping time interval yields 

a measured impulse of 6,620 lbs-set compared to the 6, 830 lbs-set change 

of linear momentum represented by the product of the vehicle mass and 

initial velocity. The close agreement between the momentum and measured 

impulse attests for the accuracy and validity of the measured data. 

Total displacements of both the vehrcle and underrlde 

guard during impact as determined from analysis of high speed movie film 

are shown in Figure 22. The displacement of the guard was subtracted 

from total vehicle displacement to obtain the vehicle crush data which 

indicate a maxlmum crush of approximately 24 inches, The total vehicle 

displacement of 45. 5 inches compares favorably with the integrated 

accelerometer results. 

41 VJ-2844-V-3 



F~gum 18 TEST No. 8: VEHICLE ACCELERATION DATA 

42 VJ-2844-V-3 



- 
I 

:, .&I 

II I I I I I l l l I 1 I I I 1 

.O% .a0 .OIO .IW . IA0 .hP 

T&t6 - JCC. 

Figure 19 TEST No. 8: FRICTION TUBE AXIAL STRAIN DATA 

VJ-2844-V-3 



’ .-1 -- t - - 

i -- *-- 

- --+--- 

I 1 
- -+- --, - 

44 

i 

s . 

B . 

-+I -- 
, 

-Y t - 4 w- t - 
r 

3: 
-- 

i * 
I 

-4 
--- - 

I’ ’ 

I ---t 

VJ -2844- C’- 



45 V.l-2844-V-3 



46 VJ-2844-V-3 



Photographs of the vehicle before and after the test are 

presented Ln Figure 23. Post-crash lnspectlon revealed that the bumper 

remained in contact with the underride guard during impact but sheared off 

at the supports as it moved aft. The Interior of the passenger compartment 

was virtually undamaged as may be seen In Figure 23 (d). SteelLng column 

aft movement appeared to be approvlmately one-half inch. 

Several views of the trailer and underrIde guard are 

presented in Figure 24. Both energy absorber struts telescoped approxl- 

mately 17.25 tnches and did not bottom out. 

4.2.3 Crash Test No. 9 

The obJectlve of thus test was to determlne the perfor- 

nlance of the enel gy absorbing underride gual d (Figure 6) tn an off-center 

head-on Impact by a full s17e car. The test vehicle was a 1966 Ford four- 

door sedan v.eLghlng 3, 760 lbs. that Impacted the underrlde guard at a 

speed of 38.2 MPH. The lateral off-set between the longLtudLna1 center 

lines of the car and the trailer was 22. 5 Inches. 

Passenger compartment longltudlnal acceleration “raw” 

data are presented Ln Figure 25 along with kehlcle velocity and displacement 

curves. These plots were obtalned by fLrst fllterlng the acceleratton data 

recorded on FM magnetic tape with a 1000 Hz cutoff filter and then dlgltlzlng 

the results at . 0002 second sampling time intervals. These data were then 

plotted, along with the two Integrated curves, on a Houston Omnlgraphlc 

Recorder. 

The compartment acceleration data flltel ed at a fre- 

quency of 50 Hz are shown in Figure 26. Times of events noted In the 

analysis of the high speed movie film are marked along the abscissa at the 

top of the figure. The maximum acceleration for the 50 HJ filtered data 

1s 17 g’s, 
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Data from the other act 1 rometers aboard the vehrcle 

are presented In Ftgures 27 and 28. The maximum engine longttudinal 

deceleration recorded was 28 g’s occurrtng at .056 seconds. 

Longltudlnal loads, measured by two load cells at the 

forward end of the trailer, are presented In Figure 29. 

Ttme histortes of axial strains measured in each of the 

Lallapsible friction tubes are shown in Figure 30. Two strain gauges were 

mounted on each tube, on opposite sides, approximately 7 inches from the 

upper pin connections to the trailer. The strain gauge on the right side of 

each tube indicated tension strains because of bending moments produced 

by the assymmetrical loading of the underride guard. 

The strain measurements from both frlctlon tubes were 

converted to axial loads and are presented versus time tn Figure 31. These 

data show maximum axial compressive loads of approxtmately 25, 000 lbs. 

and 22, 000 lbs. tn the right and left side friction tubes, respectively. Both 

energy absorbers failed by buckling of the lnslde slotted tube before the 

vehicle was completely stopped. The films indicate that the absorber on 

the right side of the trailer, where the impact loads were mostly concen- 

trated, falled first and IS believed to account for the raped decrease tn the 

measured load shown in Figure 31 at approximately 0. 100 seconds. 

A time hlstory of the total longitudinal impact force as 

measured by load cells at the forward end of the trailer (Figure 29 shows 

lndtvldual cell data) IS presented rn Figure 32. The maximum recorded 

load was approxfmately 70, 000 lbs. occurring at ,086 seconds after 

Impact. The average force determined from these data over the . 145 

second stopping time interval was 44, 000 lbs. Integration of the area 

under the force curve over the . 145 second stopping time interval yields 

a measured impulse of 6, 380 lbs-set compared to the 6,550 lbs-set change 

of linear momentum represented by the product of the vehicle mass and 

initral velocity. 
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Horrzontal dtsplacementr of both the v hlcle and under- 

ride guard during Impact as determined from analysis of high speed movie 

film are shown 111 Elgure 33. The two displacement curves of the underride 

guard are for points on the guard directly forward of the frrctron tube 

connectlons. The plot for the left tube was estimated based on the post- 

crash measurement of displacement srnce timing marks were not recorded 

by the camera located to 1 le\c this component. The avlal strokes of the 

telescoping tube energy absorbers were 8 and 16 inches for the left and 

right side, respectrvely. 

Figure 34 presents a top view sketch of the test vehrcle 

following impact for comparison with the outline of the undeformed vehicle. 

Front end crush measured lpproxlmately 19 Inches at the center and 

approximately 27 inches at the left srde. The pre-Impact posltlon of the 

underride guard rel,itlxe to the car IS also shown. 

Photographs o! the vehicles after the test are presented 

in Figure 35. Rearisard lntruslon of the fire wall and floorboard into the 

passenger compartment on the driver side was very slight, as mav be seen 

from the photograph of the Lehlcle lnterlor. 

4.2.4 Crash Test Y3. 10 

The response of a small compact automobrle in a frontal 

colllslon with a rigid truck underrlde guard Installed at a herght 24 Inches 

was determined In test No. 10. The obJecttve of the test was to substantiate, 

or refute, the conclusion based on earlier tests that small cars would not 

be adequately protected against excessrve underrrde In 40 MPH Impacts for 

a 24 inch clearance herght of the guard above the roadway. 
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The test Lehicle was a 1966 Volkswagen 1300 two-door 

sedan \Gelghlnq 1,690 lbs. that tmpdcted the underrtde guard shown in 

Ftgure 4 at a speed o i.Z. 1 MPH. The test vehicle was equtpped with a 

spare tire and wheel In ‘he forward baggage compartment, and the fuel tank 

was also approvlmately half full of Iiqutd (Stoddard sol1 ent) to provide 

reallstlc In-sex-\ Ice condltlons. 

Data recorded from accelerometers located in the 

passenger compartment, on the compartment storage deck above the rear 

axle, and on the engine dre pxesented in Figures 36, 37 and 38, 

respecti\ ely. The displayed records are filtered responses obtained by 

faltering of the raw data wtth an electrontc filter having a corner frequency 

of approximately 50 Hr. In view of the catastrophic results of the test 

from the standpoint of passenger compartment lntruslon, the passenger 

compartment loneltlldlnal accelerations were not processed to provide 

L eloclty and displacement time histortes. The measured peak passenger 

compartment longltudlnal acceleration was approximately 28 g’s whtch 

occurred 0.030 seconds after Impact. Slmtlar longitudinal accelerations 

were recorded at the rear deck location. The cause of the accelerations 

that may be noted in all accelerometer records beginning approximately 

0.05 seconds prior to tmpact IS unknown but may be associated with the 

release of the towlng cable from the test vehicle since the cable clamp 

was actlrated bv the release mechanism at approvlmately that same time. 

Another posslblllty IS that the abort system might in some way have induced 

a prelmpac t braklng transient to the test vehicle although no evidence of 

this was seen In the films of the test. 

Another anomaly is evident tn the displayed record for 

the engine wl~1~ h lndlcates an acceleration pulse of about 20 g’s prior to 

the onset ot deceleration. Howe\ er, integration of the acceleration trace 

for the engine shous fair agreement with the measured impact velocity of 

the vehicle. 
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The time history of total longitudinal Impact force as 

measured by load cells at the front of the trailer is presented in Figure 39. 

The maximum recorded load was 55, 000 lbs. occurring .O43 seconds after 

impact. The average force over the 0.230 second stopping time interval 

as determined from thts plot was 13,480 lbs. The 3, 100 lb-set measured 

impulse 1s In close agreement with the 3,220 lb-set change of linear 

momentum obtained from the product of the vehicle mass and inittal 

velocity. 

Horizontal displacement of the vehicle during impact as 

determined from analysrs of high speed movie film is displayed in Figure 

40. The maximum dtsplacement and the time to stop the vehicle was 

79.5 inches and 0.230 seconds, respectively. 

The data from Figures 39 and 40 were combined to 

produce the load-displacement plot displayed in Figure 41. It may be noted 

that the vehicle underrode the guard about 16 inches before loads started 

to develop when the hood and front baggage compartment contacted the 

underride guard. The second load peak between 50 and 60 inches of dis- 

placement 1s attributed to contact of the guard with the “A” prllar and 

front bulkhead structure. The energy represented by the area under the 

curve is 96, 900 ft-lbs which compares favorably with the 99, 800 ft-lbs 

initial kinetic energy of the vehicle at impact. 

Photographs of the test vehicle and underride guard 

installation before and after the test are presented in Figure 42. As may 

be seen from the photographs, the bumper and front wheels passed beneatl 

the underride guard and the guard penetrated deeply into the passenger 

compartment. The front tires of the test vehicle actually contacted the 

rear wheels of the truck as evidenced by scuff marks on the truck tire 

found during post-crash inspection and also as may be seen in the high 

speed films. 

67 VJ-2844-V-3 



t t- 4 -t 

r- 

r 

WC3 

e--f--- 1 s910001 -clVOl 

68 VJ-2844-V-3 



- 

80 

60 

40 

20 

0 

PHOTOGRAPHIC DATA 

VEHICLE 
STOPPED 

_I/_/ ,’ 
/ 

1 

/ 

/ 

/’ / 
.’ 

/ 
i / 

// 

0 040 080 ‘20 160 200 I 

TIME - SEC 

Flgure 40 TEST NO. 10: VEHICLE DISPLACEMENT 

69 w-2844-v-3 



x 0 0 





-- - 

4.2.5 Crash Test No. 11 

The obJectlve of this test was to determine the perfor- 

mance of a 24 inch high rigid underrlde guard mounted at the rear of a fan 

trailer (Figures 7 and 8). The test vehicle was a 1966 Ford four-door 

sedan weighing 3, 460 lbs., which impacted the guard at a speed of 43. 1 

MPH. The trailer was a 40 ft. Copco tandem axle aluminum van welghlnj; 

approximately 1 1, 090 lbs. 

Data recorded from accelerometers located In the 

p<lssenger compartment on the drive shaft tunnel behind the front seat are 

presented in Figures 43 and 44. The data In Figure 43 are the results of 

filtering the raw signals with an electronic filter havlrg a corner frequency 

of approximately 1000 Hz. Integration of the acceleration data produced 

the velocity and displacement curves. 

Flqure 44 1s slmllar to Figure 43 except that the 

a< celerometer data are flltered with a dlgltal filter having a corner fre- 

quency of 50 Hz. The measured peak longltudlnal deceleration (50 H7 

falter) uas approulmately 44 g’s which occurred .047 seconds after lmpac . 

The occurrence of several events as noted from the high speed films of 

the Impact LS Lndlcated at the top of the figure. 

Integration of the passenger compartment longltudlnal 

deceleration yields results for velocity and displacement that do not correlate 

well wkth data obtained from the films. The accelerometer data lndtcates 

the vehicle stopped in . 104 seconds while dlsplaclng a maximum of 47. 5 

inches compared with a stopplng time of . 184 seconds and a total dls- 

placement of 53.5 inches as determlned from the films. It 1s believed tha 

the measured decelerations shown In Figures 43 and 44 are somewhat In 

error (too high) since a reduction In overall level would yield values for the 

time to stop and for the maximum dynamic displacement that are both more 

In keeping with the photographically obserced results. However, the final 

72 VJ-2844-V-3 



-I 

-- 

T- 

I 

1- 

+ 
-a. 

1 

I - 

-L- 

, 

/ 

-,- - 

I 

I 

-t 

-d 

! -J 

i- -l 

i 

t 
‘1 
-- 
t -!- -4 I - 

-I- 

73 VJ -2844- V-3 



- 

-- --- + - --+--- 

l-i1! j 
’ 1 II - -i- -+ _’ - -I--” 

/ I I -.- 
1 

-_--* - 
‘7 

7’-+ ---- I 

:A--- 
11 

--A- & 
/ 

I -l-- 

1 E 

-w- 

IA 

--i -- - f  

T! 

----_i --- 

14 

’ - +_- 1 : 

I 

74 VJ-2044-V-3 



SIX Inches of dlrplac ment occurred aft r maximum crueh of the auto- 

mobile (approximately . 110 seconds ftor hpact) and r oulted from 

collapse of the trallcr rtructure In the vicinity of the landing gear. 

Other accelerometer data measured in the passenger 

compartment, on the flat deck over the rear axle, and on the engine ar 

dleplayed in Flguree 45, 46 and 47. Peak engine longltudlnal deceleration 

of about 113 G’s occurred .03 1 seconds after impact. It may be noted 

that the longitudinal accelerations mearured at the rear deck location are 

generally at a lower level than those recorded on the drive line tunnel In 

the passenger compartment. 

The time hlstory of longitudinal impact force an mea- 

sured by load cells at the front of the van ir presented in Figure 48. The 

maximum load recorded was 6 1, 500 lbs. accurring at .040 seconds after 

Impact and resulted prlmarlly from engine contact with the underride 

guard. The measured impulse , represented by the area under the curve, 

1s only 4,600 lbs-set compared to the change in linear momentum of the 

automobile of 6, 800 lbs-sec. As a result, the measured average force of 

24,950 lbs. is lower than the computed value of 37,000 lbs. baaed on a 

stopplng time of . 184 seconds. 

The low levels of force and Impulse measured at the 

front of the van undoubtedly result from the nonrigid behavior of the trailer 

and the loado shown in Ftgure 48 do not represent the actual longitudinal 

forces applied to the impacting automobilr. Because a major part of the 

mass of the trailer was accelerated as the ran collapsed, large inertia 

forces were developed which were applied to the car but are not totally 

reflected in the measured load cell data. 
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The high speed move s of the test show that, In additron 

to translating, the van pitched so that the landing wheels raised off the 

ground at least 4 lnc hes. Inasmuch as the front end of the van was restralned 

by cables to prevent vertical matron, large cable forces probably were 

developed which caused the van to buckle In an inverted vee-shape. Hence, 

unknown external forces were applied to the system whtch could account for 

not having measured all of the change In lrnear momentum of the car. 

Post-crash inspectron also revealed that the front of the trailer was no longer 

in contact with the load cells. However, as may be noted from Figure 48, 

separation of the van from the load cells probably did not occur until after 

the test automobile was already stopped. 

Horizontal displacements of the vehicle and of the unde -- 

ride guard due to van collapse as determlned from analysis of htgh speed 

movie film are dlsplayed in Figure 49. The guard displacement was sub- 

tracted from the measured total dtsplacement of the automobile to obtain 

the vehicle crush curve. Maximum dynamic displacement of the automobile 

was approximately 43 inches as compared with 38 inches obtained from a 

post-crash static measurement of the vehicle crush. It may be noted that 

the automobile crushed to the maximum value of 43 Inches in about . 110 

seconds. After that time, the car and rear of the van, traveling together 

at a low velocity, moved a short distance before stopping completely at 

. 184 seconds after impact. 

The rlgtd underrrde guard and aft portion of the trailer 

moved forward about 12 Inches due to deformation of the van structure. 

Approximately 9 inches of collapse of the trailer lower side panels was 

measured after the test. The front of the trailer also was displaced forward 

slightly as the buckling actlon caused the member bearing on the load cells 

to slide downward and under the load cells. 
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Photographs of the test vehicle and van trailer after the 

test are presented In Figure 50. Except for a dent In the underrlde guard 

caused by Impact of I ,rotrlldlng shaft of the engine, no damage to the 

underrlde guard or the aft part of the trailer was evtdent. The front bumper 

and support members of the automobile were undamaged because they 

passed beneath the 24” high underride guard. The steering column and 

dashpanel were lorced back and rotated upward to the extent that the 

steering wheel contacted the windshield. The frame of the car was buckled 

at the forward tclrque bo\ location on both sides of the vehicle. The fire 

wall and floorboard were deformed back into the passenger compartment as 

a result of rearward displacement of the engine which had rotated and brol,en 

loose from the transmlsslon housing. 

4.2.6 Crash Test Yo. 12 

The oblectlve of this test was to determlne the 30 MPH 

crash performarce of a small car into a 24 inch high rlgld underride guard 

mounted at the rear of a flat bed trailer. The test vehicle, a 1966 Volks- 

wagen 100 two-door sedan weighing 1, 660 lbs., Impacted the underrlde 

guard at a speed of 3 1. 5 hLIPH. The test vehtcle wds equipped with a spare 

tire and wheel in the forward luggage compartment and the fuel tank was 

also approklmately half full of Stoddard solvent to provide reallstlc In-serlllce 

condltlons. 

The underride guard (Figure 4) was the same structure 

that was tested with the VW sedan In test No. 10. 

Passenger compartment longitudinal accelerations 

measured on the tunnel behind the front seat are presented in Figures 51 

and 52. The plot shown in Figure 51 was obtained by fllterlng the raw data 

signal with an electronic filter having a corner frequency of 1000 Hz. 

Integration of the acceleration data produced the Leloclty and displacement 

curves. Figure 52 shows the same compartment acceleration data after 
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filtering with a digital flit r having a corner frequency of 50 Hz. The 

measured peak longitudinal deceleration (50 Hz filter) was approximately 

22 g’s which occurred . 048 seconds after impact. 

The times of several events during the impact sequence, 

obtained from the htgh speed movre films, are marked along the top of the 

figure. Analysis of the films showed that the vehicle forward motion stopped 

at a time of . 185 seconds after impact or about ,025 eeconds later than 

that indicated by the accelerometer data. 

The measured frontal crush distance of the vehicle, 

following the test, was 48 inches which is about the maximum dynamic 

displacement obtained from integration of the acceleration data. 

Passenger compartment vertical acceleration and engine 

longitudinal acceleration data are presented in Figure 53. A maximum 

longitudinal acceleration of approximately 20 g’s was recorded on the 

engine .052 seconds after impact. 

Compartment rear deck accelerations are shown in 

Figure 54. These data, as well as the data presented in Figure 53, were 

el ctronically filtered at a cutoff frequency of 50 Hz. A peak deceleration 

of approximately 19 g’s was recorded by the longitudinal sensor at a time 

of .060 seconds. It may be noted that the time histories of longitudinal 

act lerations measured in the compartment, on the engine, and at the 

rear deck location are generally very similar as regards wave shape and 

magnitude. 

A time history of the total longitudinal Impact force as 

measured by two load cells at the front of the trailer 1s displayed in Frgure 

55. The maximum recorded load was 40,000 lbs. occurrtng ,052 seconds 

after impact. The average force over the . 185 recond stopping time interval 

as d termined from this plot was 12, 380 lbs. The 2,290 lb-ret measured 
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Impulse agrees closely with the 2, 380 lb-set change of linear momentum 

obtamed from the product of the automobile mass .ind lnltlal velocity. 

Horl/,ontal displacement of the vehtcle durtng Impact as 

determined from anal “$15 of high speed movie fllnl IS dlsplayed In Figure 

56. The maximum dlsplCiLement and the time to stop he vehicle was 52 

inches and . 185 seconds, respectively. 

The date from Figures 55 and 56 were combined to obtatn 

the load-displacement plot presented In Figure 57. 1 he rapid increase In 

loading beginning at a displacement of about 13 Inches 1s attributed prlnclp;lly 

to guard contact with the spare tire which dlstrlbuted the loads to the fuel 

tank dnd other sheet metal structure in the luggage compartment. The 

resistance offered iy the vehicle then reduced as these components collapsed 

and the quard penetrated ti,e otherwlse empty luggage compartment. When 

the guard contacted the forward bulkhead and lower “A” pillar region, the 

crush resistance agdln Increased, and the automobile was flnally stopped. 

The maximum load of 30, 000 lbs. occurred at 26 Inches of guard penetrat,on. 

The 56,200 ft-lbs cf energy represented by the are,t under the curve com- 

pares favorably with the 55, 100 ft-lbs initial klnetlc energy of the vehicle al 

Impart. 

Photog-aphs of the test vehicle ana u?derrlde guard 

lnstallatlon before and after the test are presented in Figure 58. As may biL 

seen from the photographs, the bumper, tires and front suspension passed 

completely under the guard. 

The front bulkhead and dashpanel were pushed back into 

the passenger compartment slightly, and the steering column was also 

moled aft and rotalted upward a small amount. However, except for the 

posslblllty ot contributing to InJuries to the lower limbs, the lntruslon of 

the passenger compartment was deemed not so extensive as to create a 

serious hazard to occupants of the front seats. 
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5.0 DISCUSSION OF RESULTS 

Results from the SLX crash tests of underrlde guards Installed on 

trailers described Ln the preceding sectlon are summarized in Table 1. 

For convenience Ln comparlng with results obtained 1n the lnltlal series of 

SIX tests using the simulated rlgld underrlde guard, data from these tests 

are also Included In the table. 

The responses of the automobile Ln the test of the 18 inch rlgld 

underride guard mounted on the flatbed trailer (Test Yo. 7) are quote 

slmllar to those measured Ln Test No. 1 with the simulated guard In whlc h 

the ground clearance was also 18 Inches. The maximum crush of the cal 

was about 5 inches greater than In Test No. 1 which ts believed to be 

largely due to two factors’ 

(1) The slightly higher impact speed which was 39. 6 MPH 

In Test No. 7 compared with 37.9 MPH in Test To. 1. 

(2) A lesser contribution of the forward sheet metal In decele .- 

atlng the car. This LS reflected In a comparison of the 

passenger compartment longitudinal decelerations and was 

caused by the fact that the face of the guard In Test No. 7 

had large openings, whereas the face of the simulated gual d 

was a flat plate surface that provided more contact area wtth 

the front of the automobile. 

Perhaps the most slgnlflcant difference between the two tests 1s 

the maxlmum longitudinal load applied to the guard which occurs when the 

engine contacts It. In the trailer test the peak load recorded was 168,000 

lbs. compared to 247, 000 lbs. In the impact of an Identical automobile with 

the rlgld simulated underride guard. The reduction In peak load LS attrl- 

buted to the smaller contact area between the engine and the guard and 

correlates with the engine longltudlnal acceleration data of the two tests 

94 VJ-2844-V-3 



. 

OMW-IE) 301YM30Nn 
031nnNls OIOIM 

e . 0) Q r r r 2 

OYW-ID 301YM30Nil 
o31Nnowkl3lviUl 

95 VJ-2844-V-3 



which shows that the peak deceieratlon of the engine was reduced from 

more than 200 G in Test pL70. 1 to about 120 G measured In Test No. 7. 

However, the aler-ige e d<lrlng the tlrne to stop the passenger compart- 

ment was nearly the sag e for both tests. 

The damage to he lmpactlng automobiles was also essentially 

Identical In the two tests. Ir both instances the damages to the vehicle 

interior were relatlve’b rr111 nr dqd probablv would not cjlgnlflcantly affect 

occuoatlt InJury potentla!. 

The benefits thar can be derived from use ot dn energy absorbing 

underrlde guard nl3y be seen frolr i a comparison of the results for Test 

‘co. 7 anL a. The 1 ime hIstories of passenger compartment deceleration 

measured in the twc tests are presented In Figure 5(! for comparison. At 

tlrst Glance there clppear 5 to be little cleal ebldence t ) iavor either of the 

two types of underrlde R 1a1 d from these data. Howe\ er, the large excurslor s 

In the decelerations plots feritl to obscure the fact that the general level of 

decelerations experlenLed tn the rlgld guard test IS indeed substantially 

higher . 

The mdxlmum dynamic crush of the automoblle structure was 

reduced by 17 Inches throllgh use of the yleldlng underride guard. Although 

the 41 inches o! ~el~cle crush ekperlencecl In the rig il Luard test was not 

deemed hazardous In terms of compartment intrusion from rearward 

displacement of the engtpe, the energy absorbing underrIde guard system 

provides a greater margln oC safety and would allow a +lgher speed of 

Impact. Note that although there was less crushing If the automobile in 

the case of the yteldlng underride guard, the total for ward displacement 

of the car toward the rear ot the truck was slightly greater due to the 

21 Inches of deflerjlon of the guard. 
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Frgure 60 1s a plot showrng the force-deflectron charact rtstlcs 

of the energy ahsorblng underrrde guard and the vehicle In Test No. 8 as 

constructed from the U-(-T presented In Figures 21 and 22. The areas 

under these curves repres ent the energy absorbed by the guard and by 

deformation of the automohlle structure. The average longitudinal force 

of the underride guard 1s 39, 300 lbs. and the absorbed energy is 103, 800 

ft-lb. The energy dlsslpaced In crushing the vehicle was only 79,200 ft-lb. 

The total measured dlsslpated energy IS therefore 183, 000 ft-lb compared 

to 195, 200 ft-lb lrltlal klnetlc energy of the automohlle. The discrepancy 

(approximately 6%) ts attributed to small lnaccuracles of the Lnstrumentatrol 

and in reducing the photographlc data. Also, some energy was dlsslpated 

as a result pitching of the car and slight vertical movement of the aft end 

of the true k, and local deformations of other parts of the vehicle. These 

results show that the underrlde guard dlsstpated approximately 57 percent 

of the total measured klnetlc energy which 1s very close to that expected 

based on results from the mathematrcal model used to establish the design 

load requirements for the guard. 

From the plots shown In Figure 60, tt may be seen that the under- 

ride guard dtd not begln to yield until the load had reached a value of 

approximately 60, 000 lbs. which was developed after the car had crushed 

about 14 Inches. The increase of the load to 90, 000 lbs. after the guard 

began to displace IS probably due to lnertlal effects tr1 a,celeratrng the 

mass of the guard structure. During the remarnder of the guard dlsplace- 

ment, the energy absorbrng friction tubes effectively llmtted and marntalned 

the crash loads to a relatively constant level. Comparison of the loads 

measured Ln Test Nos. 7 and 8 shows that the yielding underride guard 

resulted In substantially lower loads Imposed on the truck structure wrth 

consequent reduced ltkellhood of damaging the truck. 
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l?he performance of the yielding und rrlde guard tn the off-center 

Impact (Test No. 9) was satisfactory Inasmuch as excessive underrlde of 

the truck was precent* i the passenger compartment was not Intruded, and 

the deceleration of the car was low. The tmpact t-r the right of center of 

the rear of the trailer resulted In unequal strokes of the energy absorbers 

and the dlstortlon of the gLLard ultimately caused buckling of the inner 

slotted tubes. The axla: strokes of the right and left energy absorbers 

were 16 Inches and 8 Inches, respectively, as compared wtth the 17.5 inch 

stroke of each de\ tee IP the central Impact of Test Vo. 8. 

The high speed films show that the absorber 3n the right side 

failed first but later than 090 seconds after Impact. The rapld decrease 

in measured load that occurred between .090 and . IO0 s&onds (see Figure 

3 1) ls believed Irdlcatl\ e c)f the occurrence of buckllrg. The general level 

of axial loads develqped 113 50th frlrtlon tubes prior to buckling was slightly 

less than was measured 1~ Test No. 8. 

A comparLson of other data measured for Test Nos. 8 and 9 shows 

that the duration of the Impact was longer (. 145 set vs. . 126 set) In the off- 

center impact and that the total vehicle drsplacement was somewhat greater 

(49.5” vs. 45.5”). The longer time to stop 1s reflected In the generally 

lower decelerations throughout the Impact and the measured peak decelera- 

tion was also lower (17 g L s. 34 g). Both the maximum force and the 

average force Imposed on the truck were smaller for the off-center Impact. 

These values were 71,000 lbs. and 44,000 lbs., respectively, for Test 

No. 9 as contrasted with loads of 90, 000 lbs. (maxlmum) and 52,600 lbs. 

(average) measured in Test No. 8. Because the collapse distance of the 

forward structure of the vehicle was nonuniform and the underrlde guard 

deflection was variable from one side to the other, a comparison of the 

distrlbutlon of energy dtsslpated by the guard and through crushing of the 

vehicle 1s not posstble for the two tests. 
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The results of the tests cJf rlgld underride guards Installed on the 

trailers at a 24 p -1) ~~oiincl cledtance (lest Uos. IO, II and 12) substantiate 

the flndlngs and Lo)’ .nls of the first ser:es of tests conducted with the 

simulated underrlde gu31 (1 I ,iicernLng the 1 elatlonsh,:> between guard 

height and size i-t Fhe 1nipactlng L ehlL e The test of the guard on the van 

trailer demorsprated that a L 1 II i !I guard would adequately protect against 

excesslle underrltle (I+ a *nil A~4 e abcdIvlobtle and that the guard and 

attachment coula 5e c YSI~;?P ~1 tc> wlthsLand arti dlstrlbute the Impact loads 

Into the trailer $;rllc’liI e v, lthol f a se\ ere A eight penalty. The response 

of the cal 1~ P$lq test 1~7 et f. 51rnllar to thii obser\ed In Test Yo. 2 In 

which the helq’lf ,i the simulated guard was also L4 Inches. Note that the 

maxlmum tivnarr- i c ; 7 ush ,)t i\le i ehlcle structure wab nearly identical in 

the two tests hut the ped h necelel atlon of the passenger compartment was 

notlceahlc hl(:kler tti thr tra~lel -Lrl(>unLed test. 

As dlscusse j or the pre\lous sectlon, the measured loads shown 

In Table 1 fur Test XC). 11 are not the true loads Imposed on the underride 

guard because t tie ‘roller strllcture yielded In the vlc:nlty of the landing 

wheels. Hose\ er, based on the measured longltudtnal accelerations of 

the engine, the ,naulrl, urn load in rest Yo. 11 was probably much less than 

the balue of 295, 000 lbs. meas<lred In Test No. 2. Except for a dent in the 

bumper of the rl~~derrlde guard caused by the impact of a protruding shaft of 

the engine, no damage to the underrlde guard or tn the aft part of the trailer 

was evident. 

In the tests with the simulated rlgld underrlde guard, relatively 

large vertical loads due to wedging of the car beneath the underrlde guard 

were measured and It was thought that llftlng of the rear of the truck, 

which would be conductve to increased underrlde penetration, might 

constitute a potential problem. However, the results of the series of tests 

with trailer-mounted guards lrdlcnted that such was not the case. In fact, 

the tendenc, In each cf the tests was for the rear of the truck to move down- 

ward as a result ot the eccen+ f IC I ty or :he loac! apDl)ed through the guard to 

the trailer strlL rurt VC> te ; ),a t the tl tiller 5 uere tlurposely tested wlthout 
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cargo load to favor any tendency for the rear of the truck to move upward, 

The two tests w,th the Volkswagen (Teat No. 10 and 12) were 

conducted for the purpose of demonstrating the consequences of small cars 

lmpactlng underrlde guards having greater than 18 Inches of ground 

clearance. The results were not unexpected since the simulated underride 

guard tests (Test Nos. 4 and 5) rndrcated that exceeslve underrrde would 

surely occur for guard heights greater than 18 Inches when Impacted at a 

vcloctty of 40 MPH. 

The test of the Volkswagen ImpactIng the 24 inch underride guard 

at 40 MPH resulted in extreme penetratton of the guard Into the passenger 

compartment and would clearly have been unsurvivable for occupants of 

the front seats. In contrast with the result of the test wrth the simulated 

underrrde guard with 18 inch ground clearance, the front wheels passed 

beneath the 24 Inch guard so that it did not engage the stronger portions of 

the vehrcle structure. 

It is of Interest to note the similarity of the plots of vehicle load 

versus drsplacement for Test Nos. 10 and 12 whrch are presented tn 

Figures 41 and 57, respectively. In each case, the load drd not start to 

lncr ase appreciably untrl the vehicles had underrlden the guard approxr- 

mately 15 to 18 Inches. The rapld increase in loading occurred when the 

guard contacted the spare tire in the front luggage compartment which 

asslsted In distributing the load to the parttally filled fuel tank and other 

portions of the forward structure. Peak loadr were developed at app?oxi- 

mately 28 Inches of drsplacement after whrch the loads dlminished raptdly 

due to collapse of the luggage compartment and fender sheet metal 

structures. Very ltttle energy was then dissipated untti, at approximately 

50 inches of dtsplacement, the underride guard contacted the front bulk- 

head of the passenger compartment and the load again started to increase. 
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The energy represented by the area under each curve is nearly 

the same for the two testa up to the vrluo of 52 Inch I of displacement 

measured In the 31.5 MPH test (Test No. 12). The addltional 44, 200 ft-lb 

of kinetic energy in Test No, 10 (42. 1 MPH) was dlrripated by further 

crushing of the vahlcle for more than 2 fett Into the passenger compartment. 

The nearly 80 tnches of penetration experienced In this test contrasts with 

the 38 Inches that resulted with the underrlde guard at 18 Inches ground 

clearance (Test No. 4) f or the same Impact speed, and dramattcally 

demonstrates the deslrablllty of placing the underride guard aa low as 

possible to ensure an adequate engagement with the stronger portions of 

the vehicle forward structure. 
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APPENDIX A 

SURVEY OF ENERGY ABSORBING DEVICES 

. As a preliminary to selecttng and destgntng prototype 

energy dlsstpattng devtces or systems for automobile bumpers and truck 

underrrde guards, a literature search was conducted to determine the 

state of the art In energy management techniques. Although similar 

studies extst In the open ltterature, the intent here 1s to present quantttatlve 

experimental data as opposed to studies whtch mainly grve qualrtatlve and/or 

Idealized performance data. 

Energy disslpatlon devrces have been classified as one 

of three types, mechanrcal, hydraulrc or low density crushable materials. 

Each devrce 1s briefly described, pertinent references are given, and 

varrous operating characterlstrcs such as force-stroke response, Impact 

velocity senslttvlty and other pertrnent performance characterlstrcs are 

presented. Table A-l 1s a summary of the more slgnlflcant performance 

parameters for the varrous energy management devtces examined In this 

effort. 

pators are: 

Some of the Important characterLstrcs of energy dlsst- 

specrfic energy absorbed (SEA); 

velocity sensitivity; 

force-stroke charactertstlc, 

stroke etflcisncy, 

directional sensltlvity; 

energy dlssipatlon density, and 

cost effectiveness. 
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Since an undcrstandlng of each of the above parameters 1s helpful in the 

ecaluatlon of energy absorbers, a brief definition of each parameter is 

presented. 

Specific energy absorbed 1s the energy dissipated per 

unit weight of the energy Ibsorblng material or device. 

Veloctty sensltlx Ltx 1s the tendency of the force-stroke 

characteristic of the energy absorber to vary as a function of the rate at 

which the stroking (detlectlon) takes place. (Posltlve sensitivity denotes 

increasing force with Increasing velocity. ) 

Force-stroke characterletics 1s the variation of absorber 

force as a function of absorber stroke (deflection). Usually a rectangular 

force-stroke characteristic IS desired, L. e., force constant with stroke, as 

this allows a maximum ot energy dissipation within the restraints of a flxed 

stroking distance and maximum allowable force level as determined by the 

maximum allowable deceleration of the impactIng object. 

Stroke efficiency ls, for linear extension or compression 

devices or materials, the ratlo of the maximum usable length of the device 

in energy absorption to the original total length of the device. 

Directional sensltlvtty 1s the tendency of an energy 

absorption device or material to change energy absorption characterlstlcs 

(usually a decrease in energy absorption capacity) as the dlrectlon of the 

applied force varies from the normal. 

Energy dissipation density IS the maximum energy 

dlsslpdted per unit volume. Compact energy dissipators require a high 

value of energy dlsslpation density. 

Cost effectiveness can be defined In terms of dollars 

sated \rersus dollars spent in a speclflr energy absorption application 
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(e.g., lower tnrurance costs to truck and automobllc owners due to less 

severe accldente as th result of the lnstallatlon of energy absorbing 

bumpers and underrlde guards) or by tdentlfylng the lowest cost energy 

absorbing method which will ratlsfy the requirements of a speclflc 

appllcatlon. 

I. Mechant< al Energy Absorbers 

Frangible Tube 

The frangible tube consumes energy in the process of 

fragmenting a hollow metal tube which 1s forced against a die as shown In 

Ftgure A-l. A high stroke efficiency 1s possible with this device as nearly 

the entire tube length can be fragmented If the die pilot shaft length 1s 

mlnlmlzed. High stroke efflclency aleo implies high directlonal sensitlvrty 

as the limited engagement of the tube with the die prohibits the device from 

wlthstandlng bending loads of any consequence, 

Figure A-2 1s a typical force-stroke response for 

fragmenting tubes. The average force remains essentially constant with 

displacement, however, the matantaneour force exhibits undesirable 

fluctuations about the average. The data of Reference A- 1 indicate that 

the fluctuating force can be reduced constderably by Increasing the ratio 

of tube lnstde diameter to die bend radius. 

Figure A-3, taken from Reference A-2, showe the 

experlmentally observed rate dependency for a 2024-T3 aluminum tube. 

The dotted fairing in Figure A-3 indicating no rate dependency below a 

d formation rate of 5, 000 inches per minute is based on experlmental data 

lndlcatlng no tncreare in tensile yield or tensile ultimate strength of 

aluminum alloys for rates of displacement below approximately 5, 000 

inches per minute. A positive rate dependency 1s observed for tube defor- 

mation rates of about 12 MPH, the highest velocity tested. 
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Ftgure A-4 compares the specific energy absorbed for 

frangible tubes of various metals and for aluminum-alloy honeycomb. The 

values of speclflc energy absorbed given for the frangible tubes do not 

Include the die uelght and assume essentially 100 percent stroke efflclency. 

These experImentally observed speclflc energies do not represent ultimate 

values but rather the values obtained In the particular experiments con- 

ducted. The maximum speclflc energy absorption capability may be as 
ft-lb 

high as 55,000 Ib based on an average fragmenting stress of 90 percent 

of the yield stress for AISI 4130 steel. 

Invertube 

The in\ ertube, illustrated in Figure A-5, absorbs 

energy in the process of turning a tube inside-out or outside-in. This 

device has a very high stroke efficiency since the total displacement 1s 

approximately twice the length of the working tube. 

Reference A-3 gives an analytical derivation of the 

expressLon for lnverslon load (P) as a function of tube material plastic 

yield stress ( cp), tube wdll thickness (t) and tube mean diameter (D): 

P = 4.44 dpt3’2Dl’2 (1) 

Some results using this equation are compared with experimental data In 

Figure A-6. Use of the load equation for tubing material other than 

3003-H14 alumlnurn alloy would require experlmental verlflcatlon since 

certain assumptions used in the derlvatlon of the equation may be satlsfled 

to differing degrees with various materials. 

Figure A-7 contains rate sensltlvlty data for aluminum 

lnvertubes tested Ln the experiments reported in Reference A-3. A small 

percentage increase in load 1s observed for lncreaslng deformation speeds. 

The highest velocity for whrch data were obtalned 1s about 20 MPH. 
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Frgure A-8 Indicates the computed specrfic energy 

absorptron using the computed lnverslon load. Since the computed rnversron 

load IS conservative, 1.e.) less than experimental, the computed value of 

SEA ~111 also be conservative. The maximum value of SEA for 3003-H14 

alumrnum tubrng IS greater than 7, 500 ,v . Steel tubing should give a 

hrgher SEA based on yreld stress and density consrderatrons, however, 

since ductllrty IS also a necessary consideratron for successful operation 

of the device, experimental verrfrcation of the satisfactory performance of 

high strength steels in lnvertube applications is necessary before con- 

cluslons can be drawn concernrng the relative merits of steel and aluminum. 

Tube Shredder 

The tube shredder (Figure A-9) drsslpates energy by 

cutting a hollow tube into strips In the longrtudrnal direction using a gear 

shaped multi-toothed cutting tool applied to one open end of the tube. 

Figure A-10 shows a typical force- displacement curve for the tube shredder, 

Limited test results using 2024-T3 alumrnum tubes (Reference A-4) lndl- 

cated no variation in mean cutting force with impact velocity variation from 

3-12 feet per second and impact weight variation from 600-1000 pounds. 

Speclflc energy absorption values obtained, assumrng 

100 percent stroke efflcrency, were 11, 000 e based on tube weight 
ft-lb 

only and 6,000 r based on weight of tube and fittings. 

The above results were obtained using a square cutter 

tooth geometry. Prellmtnary development tests showed that a sharp cutter 

geometry produced larger oscillations rn cutting force and a high rate 

dependence. 
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Friction Tube 

The “frlctlon tube” IS shown in Figure A- 11, both 

disassembled and mounted In a testing machine. The concentrIc tubes are 

connected by a high strength steel (4130) pm which, when the tubes are 

drsplaced, travels through a slot which IS narrower than the diameter of 

the pm. Thus causes the Inner tube to expand untrl the adjornlng surfaces 

mate. Energy 1s thus drssrpated by a comblnatron of metal working and 

friction, the relative effectiveness depending on the amount of clearance 

between the tubes, size of slot, pin size and frrctlon coeffrcrent. 

Figure A-12 1s a plot of the static load-deflectron data 

for a frrctlon tube fabricated from 12 Inch lengths of 3” O.D. Y Y/32” wall 

and 2-3/e” 1 3/16” cold-drawn seamless steel pipe. The mating surfaces 

were sandblasted to increase the friction coeffrcrent and to Improve the 

surface unlformrty. A compressive static test was performed, although 

the concept has the advantage of being applicable Ln both tensron and com- 

presslon. It LS apparent from the results shown tn Frgure A-12 that the 

device generates a very uniform and substantral force once the pin 1s fully 

engaged In the slot. The speclflc energy absorption ts about 1,600 !g 

for the particular tube tested, however, thus value does not necessarily 

represent an optimum performance. Further tests usrng other materrals 

would be necessary to define the maxlmum specrflc energy absorptron 

capabrlltles of this device. 

Results from dynamrc drop tower tests of the frrctron 

tube energy absorber described rn Appendix B lndrcate that the average 

dynamic force produced IS about 50 to 60 percent greater than that measured 

in statrc tests. 
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Aeronautlcal Research Laboratory (Australta) 
Enerev Absorber 

Thus device absorbs energy by plastrc bending of two 

metal strips. The prrncrple 1s shown in Figure A-13. Two strips -- 

ABCD and AIBICIDl -- each lnltrally bent to a U-shape frt In a case 

EH, EIHl and are flxed to the case at A and Al (Figure A-13(a) ). When 

the device 1s extended by tenslon, applied between the case and the inner 

arms of the strips CD, C D 
1 1’ 

the part of the strip adjacent to B and 

between A and B 1s bent to a radius and that adjacent to C 1s bent straight. 

The force F required to extend the absorber 1s a function of the resistance 

to bending at these points. 

Straightening of the bend at C and C 1 may cause the 

Inner and outer strips to contact one another (as shown in Figure A-13 (b) I. 

The contact forces at these points are small (compared to F) and as they 

are the only places at which rubbing occurs, the frlctlon forces opposing 

extension are small, thus the extension force IS not sensitive to the degree 

of lubrlcatlon and/or surface flnlsh. 

The total extensron 1s approximately equal to the length 

of the strtp and thus nearly twice the length of the case. Figure A-13 

shows that for an extension X the bend radll move along the case by an 

amount X /2. 

A sample theory of operation developed In Reference 

A-6 for this devlc e yields the result that the extension force (P) LS pro- 

portional to the slrlp width (W), the second power of strip thickness (t) 

and inversely proportional to the distance (d) between the inner and outer 

parts of the strip. 

124 VJ-2844-V-3 



GA& 

A 

Dl 
D 

A 

I 
(a) Initial Condltlon 

1 EXTENSION x 
EXTENOINF FO 

(b) Unit Extended by x 

Figure A-13 ARL (AUSTRALIA) ENERGY ABSORBER 

125 VJ-2844-V-3 



Experimental results from the work reported in Reference A-6 indicate 

that K s 70, 000 for steel str tps and K G 25, 000 for aluminum strips. 

This device produces a constant force which 1s lnsen- 

sltlire to the rate of defor Illatlon. The speclflc energy absorbed was 
ft-lb 

dppro\mlately 900 r for the device tested. Tenslon loads only can be 

absorbed with th s device. A rotary version applying the same operating 

prlnclple 1s described In Reference A-6. 

Tor-Shok 

The “Tor-Shok” or Rolling Ring Cyclic Energy Absorber 

shown in Figure A-14 and described in detail In Reference A-7 and A-8 

consists of two concentric tubes of different outslde diameters to allow one 

tube to fit loosely Inside the other. The clearance space between the two 

tubes c ontalns one or nlore torotdal retainer rings, each of which hold a 

famtly of small working ring elements. The diameter of the working rings 

1s greater than the clearance gap between the two concentrlc tubes producing 

an Interference fl t. A force applied to either of the tubes causes a relative 

displacement of the tube. The resultant shearing action between the two 

tubes rolls the worklnq rings and thereby, plastically deforms each of them 

in a cyclic process. 

The main advantages of the Tor-Shok are its ablllty to 

function in either tension or compression, high speclflc energy absorption 

attributable to multi-stroke capability before fatigue failure, and low 

maintenance and ability to check-out before use as a result of its multi- 

stroke capabilIty. 

Tor-Shok devices are relatively \ eloclty insensitive 

wkth only a very slight negative sensltlvlty, and they produce a very 

repeatable constant force response. Figure A-15 shows the force, 

velocrty and acceleration characteristics of a Tor-Shok weighing 13.6 
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pounds. The speclflc energy absorption for the devtce of Figure A- 15, 

based on a maxrmum stroke length of 20 Inch s (comput d from drawing 

In Reference A-8) 1s approximately 1, 100 v . 

Solid Media Shock Absorber 

Solid media energy absorbers dissipate impact energy 

by employing the vlscoelastrc propertres at extremely high pressures of 

certain newly developed slllcone elastomers. As the energy absorber 

shortens under an Impact load, elastomerrc material contained therein LS 

simultaneously reduced rn volume and forced through small orifices and 

passages. The volume reduction phenomena produces the equivalent effect 

of a powerful mechanrcal spring, while the material flow causes the unit 

to perform as though It were a hydraulic damper. 

The spring effect serves two useful functions: (1) pre- 

ventlon of the shock absorber from shortening under sustained loads such 

as are encountered when one vehicle is pushing another, and (2) to 

repositron the device (elongate) after an Impact. 

The hydraulic effect of the device produces a posltlve 

impact velocity sensltlvlty. Figure A-16 shows the force-stroke and 

velocity senslllvlty charactertstlcs of a bumper system employtng solld 

media shock absorbers. 

The specific energy absorption capablllty of solid medra 

shock absorbers 1s about 500 
ft-lb 
-i-r’ 

Viscoelastlc materials are those Ln which stress depends on strain and 
strain rate. 

129 VJ-2844-V-3 



25 

1 I. 2 MPH DYNAMIC LOAD 

7.0 MPH DYNAMIC LOAD STATIC LOAD 
(COMPRESSION) 

STATIC LOAD (EXTENSION) 

1 2 3 4 s b -7 s 9 10 

BUMPER STROKE - INCHES 

Figure A-16 FORCE-STROKE CHARACTERISTICS OF A SOLID MEDIA 
SHOCK ABSORBER BUMPER SVSTEM 

130 w-2844-v-3 



- - - 

Plastrc Hinges 

A simple concept for absorbtng energy is the plastic 

deformation of metal at the hinge point of two structural arms which undergo 

a relative angular displacement. One such device, shown In Frgure A-17, 

IS a “knee strut” consrstlng of two sections of rectangular tubing welded 

together. Experimental data from Reference A-10 for a knee strut 1s 

shown tn Frgure A-18. The speclflc energy absorption calculated for the 
ft-lb 

data given in Figure A- 18 IS about 1, 000 Ib . 

A more sophrstlcated plastic hinge LS shown in Figure 

A- 19. For this device, all the energy 1s absorbed in plastic deformation 

of the hrnge pm which LS subjected to torsional loading. This plastic 

hinge de\rce would be expected to have higher specific energy absorption 

and a more uniform force-deflection characteristic than the knee strut. 

Unfortunately, no experimental data are available for this type of plastic 

hinge. 

IL. Crashable Materials 

Three basic types of crushable materials whtch may be 

considered as possrble energy dissipators for truck underride guards or 

automobile bumpers are honeycomb, balsa and foamed plastic. A brief 

description of a representative material from each basrc group wrll serve 

to Lndlcate the prominent energy drssLpation characterlstrcs. 

Honeycomb 

Honeycomb structures can be made from a vartety of 

materials rncludrng paper and metal. However, only metal honeycomb, 

specrflcally aluminum, wtll be discussed here since it appears that lrghter 

materials, such as paper, have too low an energy dtssrpatton densrty for 

application to underride guard on automobile bumper systems. Alumtnum 

131 VJ-2844-V-3 





l-4 * 

SdlY - avoi 

133 VJ-2844-V-3 



h 
rrlUCrJlAL am 

-I 

Fgure A 19 TORSIONAL PLASTIC HINGE 

134 VJ-2044-V-3 



honeycomb performance In crush ts reported tn References A-12 through 

A- 15. The material responds to tmpact with an essenttally constant force 

and is velocity tnsensitt\e. Figure A-20 IS a force-stroke diagram, cind 

Figure A-21 ts a plot of average crush load as a functton of Impact veloctty. 

The maxtmum experlmentally observed speclflc energy absorptton for 
ft-lb 

aluminum honeycomb was 10, 000 7 as reported in References A-12 

and A-13. 

Balsa Wood 

Balsa wood LS a very efflclent energy absorber having 
ft-lb 

a value of speclftc energy absorptton rangtng from 10, 000 to 30, 000 - 
lb 

for stattc crushing dependtng upon moisture content, temperature and 

grain orientation relatt\re to the crushing force (Reference A-16). Crushtng 

parallel to the gratn gives about a factor of 2. 5 Lncrease tn speclflc energy 

absorbed compared to crushing perpendicular to the gratn. Dynamic 

crushing of balsa wood (Reference A- 15) shows approximately the same 

maxtmum spectflc energy absorption values as static crushing, however, 

dynamic crushing parallel to the grain IS accompanied by a vtolent rebound 

which 1s undesirable for many appllcatlons. Dynamic crushtng perpendicular 

to the gratn exhlblts some rebound. The rebound problem can be mlnlmlzed 

by using all the energy absorbtng capabllkty of the balsa wood, t. e., com- 

plete crushtng, but a given specimen ts then ltmtted to a speclflc impact 

veloctty. Velocttles higher than the “correct” velocity would cause 

bottoming of the absorbtng device wtth attendant htgh force levels and 

velocltles lower than the correct value would result Ln rebound. Con- 

sequently, this rebound characterlstlc would seem to llmlt the usefulness 

of balsa wood as an energy absorber for those applLcations which require 

satisfactory performance over a range of Impact velocltles. 
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Foamed Plastics 

Foamed plastics are slmllar to balsa wood tn their 

crush c haractel tstlcs for low strains but are dtfferent for high strains. 

Figure A-22 shows the stress- strain characterlstlcs for five different 

foamed plastic densLtles and four different Impact velocltles. It can be 

seen that the departure from an approxLmately rectangular force deflection 

characterlstlc occurs at about a 40 percent straLn beyond which stress 

11 creases with strain In a rather smooth manner. 

The data shown Ln Figure A-23 lndlcate that crushing 

force 1s Independent of Impact velocity. Speclflc energy absorption based 

on -10 percent strain for the two types of foamed plastic studled In the work 

ot Reference A-17 1s about 1,000 ,v . SEA based on higher strain rates 

1s much higher due to the rapldly rlslng crushing force as strain increases 

beyond 40 percent. 

III. Hydraulic Shock Absorbers 

Hydraulic energy absorbers are velocity sensltlve 

de\lces which can be designed to provide essentially any load-displacement 

characterlstlc desired. Ba slcally, a hydraulic de\lce consists of a piston, 

fluld-filled cylLnaer and an orlfLce through which fluid 1s forced by the 

actlon of the pLston. Load-displacement curves are shown in Figure A-24, 

A-25 and A-26 for three ldeallzed hydraulic devices discussed Ln Reference 

A-18. Figure A-24 shows a simple flxed orlflce device. The equation for 

the resisting force produced by thus device 1s 
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where 

F = resisting force 

\r z piston velocity 

c = orifice coefficient 

A 
P = 

piston area 

A, = or tflce area 

d = flutd density 

From the above equation It 1s readily apparent that, for a given device 

geometry and fluld density, the force 1s directly proportional to the square 

of the piston beloclty. 

The larlable orifice device shown In Figure A-25 

produces a constant force throughout the stroke length by reducing the 

orifice area as the piston moves. The equation for the flxed orifice devlc_e 

also describes the performance of the variable orifice device at the Instant 

of Impact. Ho&ever, in the variable orifice design, as the piston velocity 

decreases so also does the orlflce area such that the ratio of V2iAo2 

remains N onstant. Hence, the device shown in Figure A-25 produces a 

constant reslstlng force whtch 1s proportional to the square of the Impact 

c elnclty. 

A third type of hydraulic device, shown in Figure A-26, 

employs a pressure sensltl\e slide valve In addition to \arl ible orlflce 

area to obtain a force which 1s proportional to the square of the Impact 

velocLty and the first power of the stroke length. The stroke control IS 

achieved by the slide valve which opens more orlflces near the bottom end 

of the de\lce as the fluid pressure (Impacting force) increases. The stroke 

control feature of this device would be advantageous for an automotive 

bumper design since at low Impact velocltles the smaller stroke could 

result In less damage to the automobile than would be sustalned with a 

constant stroke device. 
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The actual charactertstlcs of hydraulic devices differ 

somewhat from the IdeallTed performances indicated. Some experimental 

data are shown In Figures A-27 and A-28. These data, obtained from 

Reference A- 19, show deteleratlon versus displacement of a mass tmpacttng 

at three different velocltles (Ftgure A -27) and deceleration versus time 

and displacement (Ftgure A -28) for three different weights impacting at the 

same velocity. An expected deviation from the Idealized performance 1s 

the fintte rise time needed for the reslstlve force to build up. However, 

as expected from theory, the average forces (decelerations), based on equal 

strokes, are approllmately in the ratios of the velocity ratios squared for 

the data of Figure A-27 Figure A-28 indicates a slightly htgher average 

deceleration for the lighter mass than for the heavier masses. This result 

1s not expected, based on hydraulic effects only, however, mechanical 

traction effects could account for the discrepancy. 

Concluding Dlscusslon 

The energy dissipation methods examined in this liter- 

ature survey represent a variety of posstble techniques for crash energy 

management and control. However, selectlon of techniques or devices for 

appllcatlon to truck underrlde guard and/or automobile bumper systems 

requires consideration of many factors lncludlng performance, weight, 

cost, and the ability to implement without adversely affecting the primary 

utlllty of the vehicle. Differences in the basic requirements for underrlde 

guards and automobile bumpers can bear on the choice of energy manage- 

ment systems for the two types of vehicles. 

The relative infrequency of truck rear underride accidents 

and practical conslderatlons would appear to rule out all but the most simple, 

rugged, and easily malntalned underrlde guard systems. The technique best 

sulted for an underrlde guard is probably a guard design that absorbs crash 

energy vra the mechanism of plastic deformation of structural material as 

typlfled by the knee strut. Thus, the guard could be essentially a rlgld 
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relattvely llghtwelght structure destgned to withstand the relatively low 

forces produced In normal operattons, such as during colllstons with loading 

docks, but which would yield and dlsslpate energy under the forces developed 

in a high kelocltv Impact by another vehicle. DirectIonal sensitivity 1s also 

relatl\ely low and energy dlsslpatlon density ts high for such devices. 

Of the unt-dlrectlonal metal working energy absorbers, 

the Tor-Shok and the frlctron tube are probably the most sultable since they 

can be designed lo provide bending strength and therefore contribute to the 

lateral support of the guard, Although some of the other devices, by 

themselves, have much htgher values of speclflc energy absorption, their 

high directional asensltlvlty would require considerable structure to provldfb 

a workable system for oblique Impacts. As a result, the speclflc energy 

dlsslpatlon capacity based on the complete underrlde guard system would 

probably be Comparable to the other methods. 

Crushable materials offer the advantages of low drrec- 

tlonal sensitivity and high specrflc energy absorption. However, In most 

instances a backup structure to support the crushable materlal would be 

necessary which would reduce the weight advantage of such a system. 

4nother problem of using llghtwelght crushable materials LS the ablllty to 

accommodate the large volume of mater-la1 that would be needed wlthout 

interfering with the functioning of other components essential to the 

operation of the vehicle. 

A characterlstlc that would appear to be more desirable 

for appllcatlon to automobrle bumper systems, as opposed to underride 

guards, 1s a cycling or automatrc reset capablllty that can be provided by 

hydraulic or vlscoelastlc solld media shock absorbers. These devices 

can dlsslpate energy (stroke) without damage to components and would be 

particularly beneflclal for absorbing the energy of low velocity “parking 

lot” type colllstons that are quote frequently encountered by automobiles. 

However, such devices are disadvantageous in terms of relative cost and 

probable need for more frequent maintenance. 
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APPENDIX B 

COMPONENT TESTS OF FRICTION 
TUBE ENERGY ABSORBING DEVICES 

Upon selectlon of the frlctlon tube, developed at CAL, 

as the energy dlsslpatlng device for the yleldlng guard design, dynamic 

tests were performed to determine that the devices would perform satis- 

factorily in a test rig slmulatlng the basic geometry on the contemplated 

guard design. The data obtalned from three drop tower tests are presented 

herein. 

The tests were performed using the test fixture shown 

In Figure B- 1. The impacting mass was a 1, 783 pound weight dropped 

from a height of 17 feet, resulting In an impact velocity of 22.6 MPH. 

Instrumentation consisted of two single axis accelerometers attached to 

the impacting weight and poslttoned to monttor accelerations of the weight 

In the free-fall dlrectlon. Two accelerometers were used to provide a 

redundant measurement as a safeguard against equipment fatlure. Htgh 

speed motion pictures were also taken for each test. 

Details of the friction tube configuration tested are 

shown In Figure B-2. The first test used a friction tube having a constant 

slot width of 0. 5 inch because the static tests of this conflguratlon produced 

approklmately the force level needed to absorb the energy of the falling 

weight within the avallable stroke of the test fixture. The data from the 

first test are shown ln Figure B-3. The deceleration data are obtained 

directly from the accelerometers and the veloctty and displacement data 

are obtained by lntegratlng the acceleration data. 
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Figure B-1 DROP TEST FIXTURE 
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Fgure B-3 FRICTION TUBE RESPONSE - DYNAMIC TEST NO. 1 
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Evamlnatlon of the d celeratlon data of Ftgure B-3 

shows an lnltially htgh deceleration followed by a fluctuating response 

about a mean kalue of approvlmately 20 G deceleration. The lnltlal peak 

1s a result of the lnertla of the rather massive test rig which was acceler- 

ated to the velocity of the impacting body In a distance of the order of two 

inches. (A block of wood was attached to the lower surface of the falling 

weight to cushion the lnltlal Impact.) The osclllatlng deceleration 1s a 

result of the mode of collapse of the frlctlon tube. Wall clearance between 

the two tubes comprlslng the frlctlon tube allows some buckling of the two 

tubes when they are subJected to a compressive load. This buckling 

periodically tncreases the reslstlve force of the frlctlon tube through a 

blndlng action between the Inner and outer tubes, 

The results of the first test lndlcated a higher reslstlve 

force (58, 000 lb. average force) than was expected based on the static 

tests, hence, the slot width was increased (as shown In Figure B-2) for the 

second test tn order to decrease the average deceleration while increasing 

the total displacement. The slot geometry selected for the second test 

would normally produce a force having an Increasing ramp characterlstlc 

over the lnltlal portion of the stroke followed by a constant force for the 

remainder of the stroke. Unfortunately, a fabrication overslght resulted 

ln a sharp corner at the transition from the working pin hole to the slot. 

The sharp corner gouged the pin which resulted in a greatly decreased 

force level over the entire stroke of the device as can be seen from the 

deceleration data in Figure B-4. The average deceleration ts quite low 

over the major portion of the displacement with a rapid increase to a 

large deceleration at the end of the stroke as a result of the bottoming of 

the test rig against a wooden stop provided for this purpose. 

The high inltlal deceleration resulting from the test rig 

inertia 1s greater for test 2 than for test 1 because a thinner block of wood 

was used as the cushion on the Impact face of the falling weight for test 2. 

The wood cushion was approximately 3 inches thick for test 1 and only about 

1 inch thick for test 2. 
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Figure B-4 FRICTION TUBE RESPONSE - DYNAMIC TEST NO. 2 
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Test 3 was a repeat of test 2 with the slot fabrlcatlon 

error corrected. The results, presented in Figure B-5, are as expected In 

that the average deceleration Increases In a roughly linear fashion over most 

of the displacement. The lnlttally high inertia effect was most severe for 

test 3 because the same block of wood was used on the impact face of the 

falling weight as was used In test 2 and hence the wood had little cushlonLng 

ability remaining for the second tmpact. The average reslstlve force 

produced by the device in this test as calculated from the absorbed energy 

and actual stroke was approximately 30, 000 lbs. 

Figures B-3 through B-5 also show displacement data 

obtalned from the motion pictures for tests 1-3, respectively. The agree- 

ment between the doubly integrated accelerometer data and the motion 

picture data LS generally good, however, the photographic data tend to give 

higher maximum displacements. 

The following conclusions were drawn from these tests: 

1. An underrlde guard utilizing the basic conflguratlon 

represented by the test rig should perform satls- 

factorlly. 

2. For frIctlon tubes with pinned end mountings, the 

clearance between the inner and outer tubes should 

be mlnimlzed to reduce the fluctuations of the 

resistive force caused by blndlng. 

3. Frlctlon tubes perform satisfactorily dynamlcally. 

The results of test 1, which used the same frtctlon 

tube slot configuration as a prior static test, indl- 

cated an increase In the average force of approxi- 

mately 50 to 60% over the static case. It ts not 

possible to determine the extent to which this 
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Flgure B-5 FRICTION TUBE RESPONSE - DYNAMIC TEST NO. 3 
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tncrease may be the result of dynamic effects 

(strain hardening) and/or of the binding between 

the Inner and outer tubes. 
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APPENDIX C 

MATHEMATICAL MODEL OF 
AUTOMOBILE-TRUCK UNDERRIDE COLLISION 

Concurrent with the experlmental testing of underrlde 

guards was an effort to mathemattcally simulate the underrtde colllslon to 

explore the effects of various guard load-deflection properties on vehicle 

lmpac t response. The underrtde guard colllslon model LS tllustrated Ln 

Figure C- 1. The automobile ts treated as a one-dlmenslonal, two-degree- 

of-freedom system conststtng of two masses connected by sprtngs The 

masses represent the mass of the engine and the passenger compartment 

and the springs slrnulate the nonlinear crush characterlstlcs of various 

parts of the automoblle structure. 

It may be shown that for thts model, the barrier force, 

F, 1s given by 

F = mcac t meae 

whele m 
C’ 

m a 
e’ c’ 

and a 
e 

represent the compartment and engine, masses 

and decelerations. Shown In Figure C-2 ts a compartson between the 

measured longttudlnal force on the rlgtd barrier and the load calculated 

from the measured engine and compartment decelerations for the first two 

simulated rlgtd underride guard tests (1966 Ford, 18 tnch and 24 Inch 

barrier height). Because these curves generally agree Ln each case, the 

stmpltfled model was expected to provtde a reasonable estimate of vehicle 

performance. 

Expertmental data from Tests 1 and 2 and from Referencl? 

C- 1 were used to determlne load-deflectton properttes for the springs that 

would result Ln a good match between the simulated and expertmentally 
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measured vehicle responses. It should be noted that in a certain sense the 

approach LS phenomenologlcal since no attempt was made to determtne the 

relatlonshlp between the actual vehicle structure and tts collapse propertles. 

The adequacy of curve fttttngs to the experimental data from which the 

various spring characterlstlcs were obtained is lndtcated by the small 

differences between the stmulatton and test results shown in Figure C-3. 

It ts to be noted, however, that the responses beyond that time at which 

any of the springs begln to unload, could be subject to slgnlflcant error 

because the unloading characterlstlcs of the springs for vehicle crush 

distances other than those experienced In the tests are unknown. The 

approximate ttmes at whtch unloading occurs are Indicated by the arrows 

on the plots showing ttmes of maxtmum vehtcle crush, 

Assuming that the structural properttes of the vehicle 

are not velocity sensltlve, the model may be exercised at lower velocltles, 

or stmilarly, at higher velocltles If Impact LS into a yteldtng structure, A 

llmltatlon on the appllcatlon of the model 1s that the total deflectlon of the 

vehicle cannot exceed that measured tn the rigid barrier test. Despite 

this llmitatlon, the model was deemed useful for indlcatlng trends. 

Some results from the model applied to exploring the 

effects of various underrlde guard force-deflectlon characterlstlcs (spring 

4 in Flgure C-l) are displayed in Figures C-4, C-5, C-6, and C-7. Results 

are also shown for a hypothetical car modlfled to exhlblt different force- 

deformation properties in the region ahead of the engine represented by 

spring No. 1 Ln Figure C- 1. Impact speeds for the simulated colltslons 

with the 18 In. and 24 In. high underrtde guards were the same as those 

measured In tests 1 and 2 respectively. 

In general, the results show greater vehicle crush 

distances for the case of the higher underride guard which would be 

expected in view of the lesser engagement of the vehicle and the slightly 

higher speed. For both underrlde guard heights, yteldtng barrters do not 
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appear to have a large effect on the peak “g” level of the passenger com- 

partment. Rather, the most notable difference IS a decrease tn the amount 

of vehicle crush. It may be noted that the 50, 000 lb. constant force 

yleldlng guard reaches the full 24 tnch stroke early in the impact and that 

the 100, 000 lb. barrier has only relattvely small deflections. Thts lndlcates 

that, for maximum energy absorption by the underrlde guard device, the 

force level should be between these values for an assumed underride guard 

w stroktng distance of two feet. The two foot stroke was arbltrarlly selected 

as being approximately representative of the maximum stroke allowable If 

penetration of the compartment of the lmpactlng vehicle by flxed structure 

of the truck LS to be avoided. The energy absorbed by the 50,000 lb. under- 

ride guard with a two foot stroke represents approximately 60 percent of 

the lnitlal ktnetlc energy of the vehicle In the cited slmulatlons. 

Of the three waveforms lnvestlgated for the yleldlng 

underride guard, (constant force, Increastng ramp and decreasing ramp) 

the constant force characteristic lndlcated as good or better results than 

either of the other two, and an attempt was then made to define the optimum 

constant force level. Computer simulations for 18” high underride guards 

yielding at force levels of 60, 000, 70,000, 80,000 and 90,000 lbs. were run. 

The results are shown In Figure C-8 and lndlcate that mlnlmum compartment 

deceleration levels and structural crush of the impacting vehtcle would be 

obtalned with a yleldlng guard force of approximately 60, 000 to 70, 000 lbs. 

Thts force level range was selected as the design target value for the 18” 

yleldrng underride guard used tn Tests 8 and 9. 
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APPENDIX D 

STRESS ANALYSIS OF TEST TRAILERS 
AVD RIGID UNDERRIDE GUARD DESIGNS 

Approxtmate analyses of the structure of the flatbed 

and van trailers used ln the test program were performed to ascertain the 

magnttude of underrtde guard loads that mtght be sustatned wlthout failure 

of the trailer structure. In addttton, two of the rlgtd underrtde guard 

designs tested were analyzed to determtne thetr approxtmate load carrytng 

capa bll ttle s. The method of analysts and results of these vartous calculations 

are glcen Ln the followtng paragraphs. 

Flatbed Trawler Strength 

The primary loadtng of the the truck structure by a car 

lmpactlng the underrtde guard produces a compresston load and a bendlng 

moment tn the target vehicle structure. The flatbed trawler Ln cross-sectton 

1s approximately as shown Ln Ftgure D-l. 

A horizontal load P applted to the underrlde guard at a 

distance L below the neutral axls C-C can be represented as a compressive 

load P at the centrold of the trailer cross-sectlonal area and a bending 

moment PL. The maximum load ts determined by one of the following 

expresstons for maximum fiber stress for elastic bending. 

Top extreme ftber (tenstle stress in side rail) 

MC1 

sT = I 

P - - 

cc AT 
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Bottom extreme fiber (compresstve stress tn frame 

rail) 

MC2 P - 
‘B = Ice + AT 

where: 

M = 

Cl = 

c2 = 

I - 
cc - 

AT = 

bending moment PL = 26.9 P in-lb 

distance from neutral axls to top extreme 

ftber = 9. 1 tn. 

dtstance from neutral axLs to bottom 

extreme fiber = 7. 9 in. 

moment of tnertta of the cross-sectional 

area about neutral axis = 495 in. 
4 

total cross-sectional area of members. 

SubstItutton of the appropriate values for the terms in 

each of the above equations and solvtng for P gives a maximum load of 

74, 000 lbs. based on a compressive yield stress of 36, 000 psi in the bottom 

extreme fiber of the maln frame rails. 

This simple calculation indicates the minimum force 

capabtllty of the trailer because It assumes an elastic 1Lmit. In actual 

practice the maximum load capacity will be higher due to redistribution 

of the stress as the structure begins to yield plastically. Calculation of 

the trailer strength for plasttc yielding, assuming a constant stress 

dlstrlbutlon of 60, 000 psi across the trailer cross-sectlon, gives a maximum 

underrlde guard force capability of 141,000 Ibs. In the most severe test 

(Test 7) ustng thts trailer, the average force level was 70,000 lbs. with a 

shorter deviation peak load of 168, 000 lbs. Observation of films of the 

tes the trailer structure indicated that the t and post-crash lnspectlon of 
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ultimate load capacity was probably closely approached as there was evidence 

of plastic yielding that resulted In a slight amount of permanent set (bendtng) 

of the rails. 

. 

Van Trailer Streneth 

. 

The van trawler strength was calculated assuming the 

trailer to be a column loaded eccentrically by the force applied to the 

underrlde guard. Measurements were taken of the trailer to determine 

the cross-section properties of the various parts of the structure and for 

calculation of the moment of Inertia. The moment of inertia was cal- 
4 

culated to be 38, 500 tn. . Assuming a yield stress of 30, 000 PSI, a maximum 

allowable horizontal force of approximately 170, 000 lbs. applied by an 

underride guard with 24 inch ground clearance was calculated. This cal- 

culated strength of the trailer indtcated that lf the local attachments of the 

guard could be made sufflclently strong the gross trailer strength would 

probably be adequate to provide an essentially rigid structure. 

The details of the guard design and its attachment to 

the trailer structure are lndlcated in Figure 7 of Sectlon 3. 0. For this 

guard design, the existing trailer frame in the vicinity of the axles was 

extended to the rear of the trailer using 3” x 2” x 3/16” wall structural 

tubing. In thts manner the underrlde guard longitudtnal loads were distri- 

buted over many cross-members of the trailer floor structure and was 

also taken directly into the existing trailer frame. 

18” Rigid Underride Guard Used on Flatbed Trailer 

This analysis was performed assuming a uniformly 

distributed load (W CY lb/in) acting upon the guard bumper In a horizontal 

dlrectlon. Using the theorem of Three Moments from continuous beam 

theory, the bumper reactlon forces and bending moment dlstrlbutron were 
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found for the uniformly dlstrlbuted load. This underrlde guard, shown 

ln Figure 2 of SectIon 3. 0, was ldeallzed for analysis as shown in the 

sketch below 
r- 

SECTION A A 

The forces deptcted are all 1t-1 a hollrontal plane which 

passes through the guard bumper member. The fl\ e horlxontal reactLon 

fox ces ha\e been calculated ustng the compression yteld strengths of the 

dldL:i)nal compression struts and the plastic bendtng strength of the kerttcal 

Inembers The maxtmum allowable loads for the ftle re-lctlons are 

R1 = R5 - 78, 000 lb. 

R2 y R4 q 45, 000 lb. 

R3 - 81, 000 lb. 

The results of the appllcatlon of the theorem of Three 

Lloments from contknuous beam theory gives the followlng results for the 

general solution Ln terms of the dlstrlbuted load w. 

EIendlng Moments Reactions 

Ml = M5 = -50w RI = R5 21.96~ 

M 
2 

q M 
4 = 

-28 9w R2 = R4 18.25~ 

M3 = -6.675~ R3 = 9.6~ 
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These results indtcate that R2 and R4 are the critical 

reactions that limtt the distrtbuted load, w, to a value of 2,470 lb/tn. The 

total uniformly distributed load is therefore 222, 000 lbs. for a guard 90 

inches wtde. . 

- . 

. 

It 1s lnteresttng to note that if the short diagonal I-beam 

strut, whose horizontal component ts essentially R2, is replaced by another 

standard 3” x 2 5/8” I-beam having approximately twice the web thtckness 

as that which was used, only about 10 lbs. would be added to the guard weight 

but R 2 max would then be approximately 58,000 lbs. With thts stronger 

I-beam the maximum distributed load would then be 3, 180 lb/in giving a 

total load capactty of approxtmately 290, 000 lbs. 

Note that the ultimate load capability of the underride 

guard is approximately 330, 000 lbs. which LS the sum of the reaction loads 

Rl through R5. To fully utilize thts load capacity would obviously require a 

non-uniformly distributed load. 

It should be remembered that the above analysts is for 

the guard strength alone and not the guard-trailer system. The test results 

and the calculations of the trawler strength both indtcate that the guard is 

stronger than khe trailer structure. 

24” Rigid Underride Guard Used on Van Trailer 

This analysis was performed using the same procedure 

as was used for the flatbed rtgtd guard analysis. The guard, shown in Figure 

7 of Section 3.0, is represented as shown below for analysts purposes where 
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the forces are the horizontal components tn the plane of the bumper. The 

SIX reaction forces have been calculated based on the maximum stattc load 

capablllttes of the diagonal compression struts. The maxLmum loads for 

the SIX reactlons are: 

R1 = R6 = 61, 000 lb. 

R2 = R5 = 80, 000 lb. 

R3 = R4 = 53, 000 lb. 

The results of analyzing this guard ustng continuous 

beam theory are a5 follows. 

Bending Moments Reactions 

Ml = M6 = -72~ 
R1 

= R6 = 24.32~ 

M2 
= M5 = 3.79~ 

R2 = R5 = 
4. lw 

M3 = M4 = 
-15. lbw 

R3 
= R4 = 13.58~ 

These results lndtcate that R2 and R 
5 

are the crttlcal loads which ltmtts 

the dlstl lbuted load, w, to 1, 950 lb/in. The total uniformly dt strlbuted 

load capacity of the guard LS therefore 164, 000 lbs. Note that the uniform 

load selected for thts analysis ts applLed only to wIthIn SIX Inches of such 

end of the guard. If the guard LS loaded wLth a uniformly dlstrlbuted load 

over the entlre wldl h, the bending moments M 
1 

and M become quite large 
6 

and the distributed unit load to about 1, 000 lb/In resulttng in a low total 

load for the guard. 

The ultimate load for this guard 1s about 244, 000 lbs. 

for a non-untformly dlstrtbuted load whtch takes advantage of the maximum 

possible guard reaction loads. 
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In conclusion, It should b remembered that cal- 

culations such as those presented here usually tend to be conservative 

and that the actual static load capabllities of the various structures are 

probably greater than Indicated. In addltlon, the load capacity for the 

various structures may be different for dynamic loading than for static 

loading. There IS some Indlcatlon from the work reported herein that 

the structures did exhlblt greater strengths than the calculations Indicate. 

However, it cannot be determined from the efforts of the present study 

whether this apparent increase in load carrying capablllty 1s a reflection 

of a difference between static and dynamic loading or an inaccurate 

knowledge of the static load llmlts. 
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